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INTRODUCTION 


The Linear Teat Bed program objective* were to design, fabricate, and evaluation 

test advanced aerospike test beds that employ the segmented combustor concep . 
test advanced P ^ th , „ lMje of , wort state«ent bp NAS*. 

Z ITnJZ l October 1BT3 with the successfu. co.pletion of 1, tests on 

test bed No. 2. 

Test bed No 1 explored the feasibility of the segmented combustor concept. The 

■ Mon system basic sequencing, and operating procedures were 

control system, ignition system, demonstrated on test bed No. 1. 

developed and system performance optimization techniques were 

Advanced thrust vector control concepts, thrust vector p 

developed and demonstrated on test bed No. 2. 

This report (Volume II) describes the complete program conducted on test bed No. 2 
“g coL.pt selection, design analysis, design, fabrication, .no testing of 

test bed No. 2. 
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SUMMARY 


Test no. 2 consists of 10 combustors welded in banks of S to 2 metrical 
tubular nettle assemblies, an upper stationary thrust frame, a loner thrust name 
which can be hinged, a power package, a triaxial combustion wave ignition system 
a pneumatic control system, pneumatically actuated propellant valves, a purge 
drain system, and an electrical control system. An isometric drawing and wo 
views of the general arrangement of test bed No. 2 are shown in Fig^ t roug 
3 . The power package consists of the Mark 29-F fuel turbopump. the Marl 29-0 
oxidiser turbopump, a gas generator assembly, and propellant ducting. 

The system, designated as a linear aerospike system, was designed to demonstrate 
the feasibility of the concept and to explore technology related to thrust vec 
control, thrust vector optimisation, improved sequencing and control, and advanced 

ignition systems. 

The propellants are liquid oxygen/liquid hydrogen. The system was designed 1 to 
operate at 1200-psia chamber pressure at an engine mixture ratio of S.5. 

10 combustors, the sea level thrust is 95,000 pounds. 

. ccaamhiv consists of 10 combustors, 2 nozzle assemblies, a 
The thrust uiamber assembly consists oi , 

turbine exhaust base manifold, and the supporting rib structure and tie 

combustors are mad. fro. precision investment case NARloy (silver-co per a oy, 

with the combustor coolant channels cast into the lines. NIC e 15 e “ * 

ited to the outside of the liner to provide coolant channel closeout an for 

structural purposes. Aluminum backup structure, are then bolted to each si^e 

the combustor to provide the structural support required for hot faring^ 

nozzles are bounded at each end by water-cooled fences 9 inches high. The fences 

are provided to contain the expanding combustion gases, to direct all gas f.o 

downward, and prevent gas spillage over the Sid. of the nozzle. 

The upper and lower thrust frames are welded tubular structures designed « -pport 
the thrust chamber and power pack«« and to transmit thrust through hing 
axis and, from there, into the test stand structure. 
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The objectives of the program 


on test bed No. 2 were as follows: 

. Continue the development of the linear aerospike concept, develop tetter 
understanding of system operation, and develop the required operational 
sequences and control logic for a workable system. 

. Develop alternate fabrication technology for the combustors, nettles, base 
manifold, and thrust chamber assembly. 

. Evaluate alternate materials in the combustors such as nickel coating of 
the combustor hot-gas inner wall. 

. Evaluate thrust vector control techniques by dynamic hinging of the thrust 
chamber assembly through ±16 degree excursions. 

. Evaluate methods of independent control of the norrle sides for advanced 
vehicle attitude control techniques. 

. Evaluate methods of thrust optimization at sea level by independent hing- 
ing of the nettle sides. By this technique, determine the nettle ang e 
required for optimum sea level thrust. 

. Evaluate the effect on performance and base pressure by varying the per- 
cent base flow. 

. Evaluate alternate ignition schemes. For test bed No. 2, the ignition 
system employed was the- triaxial combustion wave ignition system. 

. Evaluate high pressure flexible ducting designed for ±18 degree gi.bal 
angles . 

All program objectives were achieved. Some of the significent accomplishment, of 
the program are as follows: 

. Start, mainstage operation, and shutdown of test bed No. 2 were satisfac- 
tory. The use of an oxidizer manifold controlled sequence purge, coupled 
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in inw thrust chamber mixture 
a __. t . cutoff turbopump spin, resulted in low tnrust 

i;i;it .«.« . ««**«-« — - *■ — 

atures and exposure to an oxidizing atmosphere. 

. Several differs technics -ere e.ployed in bleating the co.bustors 
^.le were successful and no colter problem were encountered that 

suited from fabrication experiments. 

« .. fr\T 1 1 OP 5 seconds total accumulated 

. The test bed was tested 29 tt.es for 11W »• 680 t0 

. . - Tests were conducted over a chamber pressure rang 

duration. . - ^ program was highlighted 

1?00 psia and mixture ratios from o.l to 5.,. p B 

b , test 624-006 which was rut. for 300 seconds .ainstag. duration. 

were successfully demonstrated. 

.... • af static nozzle positions of C +7 °» * 7 ) and 

• Independent side hinging •> trate d The predicted sea level 

f+ l 7 u. . 5 «) were successfully demonstrated. The prea 

Zu thrust vector. M degrees offset fro. the vertical, was expert- 
mentally verified. 

* “es^e was* found ToV"^^^ Tf tlTplent secondary flow. 

•mtirion system operated satisfactorily and 
. The triaxial combustion wave ignition system p 

achieved 100-percent ignition reliability. 

. The high-pressure flexible ducting functioned satisfactorily without 

failure- 




CONCEPT SELECTION 


f 


At the onset of the Linear Test Bed prostata, conceptual studies «ere conducted to 
detemine the site, configuration, power cycle, ignition system, control system, 
and general arrangement of test bed No. 1. The ground rules .ere to use existing 
c- hie to use the combustor design that evolved from the Ca 

and to conduct a meaningful -anted experiment, 

aerospike program within the imposed budget and time constraints. 

J-2S Mark 29-F and Mark 29-0 turbopumps, main propellant valves, and pneumatic 
control packages were available and it was decided these would be us-d. 
gas generators used for Mark 29-F component tests were also available 
bustors were designed for operation at 1200 psia chamber pressure and 6.0 

ratio. 

Match-fit analysis between th. turbomachin.ry, gas generator, and thrust chamber 
revealed that between 20 and 2. combustors best matched the turbemachtn.r, H-Q 
and horsepower design capability. Th. thrust chamber fuel-side * 

- r;.r^r:r - 

“t the fuel pump design capability while still providing adequate safety 
margin. 

In selecting th. thrust chamber configuration, several arrangements were considered 
including a round aerospike, linear one-sided, linear two-sided. 

menta of a large diameter aerospike. High expansion ratio was considered desirable. 

When considering cost, match-fitting, .as. of fabrication, integration into . exist- 
in, test stand., mod th. return value of th. experimental data to be acquire , 
the configuration of test bed No. 1 was chosen to be as follows. 


• 20 combustors 

• Two-sided linear configuration 

a with the combustors welded to the nozzle 

• Tubular furnace brazed nozzle, witn tn 
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119:1 expansion vaCIO 

Ser.i -jnocoque design turbine exhaust base manifold 
Gas generator power cycle using series drive turbines 

Heavy-duty rigid thrust frame 

• • ram with studies to begin immediately to select 

Fluorine ignition system, with studies 

a more suitable future ignition system. 


, th, test bed No 1 envelope dimensions were 126 inches 

In the above configuration, the test bed no. v 

wide, by 120 inches long, by 96 inches high. 

As the design and development work progressed on test bed No 1. studies were con- 
L« d t0 determine future effort required to expend the -orbing X„o»l«d 8 e of 

A nrnvide answers to the remaining questions regarding 

beneficial. 

Vehici- thrust vector control, vehicle altitude control, and thrust optimization^ 
at sea level and intermediate altitudes were identified as areas requiring 
1 ation Additional questions involved ignition system suitability over 
Z ”f .rating conditions. flexible ducting design for high fimbal angles. 

L. pressure variations with operating conditions, and design and fabrication 
technology required for a flightweight thrust frame. 

These preliminary studies then led to detailed conceptual studies in the above 
areas Contained in Appendix A is a report on the studies rotated to thrust 

, the thrust vector control study .as a comprehensive effort to 
define Th^Is^on requirements for an aerosplk.-type engine, to establish engine/ 
vehici. integration requirements, and to define optimum engine configurations 

Cion.it .as necessary to determine the thrust vector requirements and p- 
abilities rf various concepts and to obtain answers to some of the technical prob- 
lens inherent in application of these advanced concepts. 


R-9049 

10 



From the study, two concepts evolved showing promise of being s “ lta ^* 
in a large booster-type vehicle or single stage-to-orbit vehicle. Th 
peripheral and the '* -- erboard concepts. 

„ - e illustrated in Fig. A-l (Appendix A) and consists of 
The checkerboard concept is illustrated mg y. 

double-sided linear modules of a configuration similar to test bed No. 1 except 

that the thrust chamber assembly is hinged to provide thrust vector contro in 

, Vehicle a-tiiude control it achieved by the alternate placement 

single ant, only le ic a ^ ^ „ es „ attal „ control 

of the engine module hinge axis 
in both planes. 

The peripheral concept la illustrated in Pig. A-l (Appendix A, and consists of 
single-sided linear modules surrounding the vehicle boattarl area. with each 
.edule consisting of a pouer pathage^d 

“'^IlHhr:: vector control is attained by binging those modules 
whose axes are on the respective pitch and yaw axes. 

The configuration of test bed ho. 2 evolved as a hybrid concept to investigate 
problems related to both the peripheral and ch.cherboard concept. e y 
P - . a fi iohtweieht frame with the uppeT frame holdin, e po 

was designe 1 and thrust chamber assembly temg hinged 

package stationary, an ii» ° ^ betW een upper and lower frame 

=£==£ r*- 

sure effects from varying geometry, ana 
quired for sea level operation. 

— - - - - r;r rrrrr. - 

r “in:::.:: - - •• - ••• 
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demands of the turbcpumps. With this established, it was decided that meaningful 
experiments could n. conducted with 10 combustors (5 per side), 'the test bed was 
configured accordingly. 

It was then decided that it would be desirable to evaluate the effects 01 -arying 
the base exhaust gas flow. A hot-gas overboard dunp system was therefore provided 
that would have the capability of varying base secondary fie- from 1 to 3 percent 
of the thrust chamber flow. 

Test facility installation of test bed No. 2 is shown in Fig. 4, and a flow sche- 
matic is shown in Fig. 5. 


D 
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Figure 4. -Test Bed No. 2 Installed in the Delta-2B Test Facility 
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design and fabrication 

• la the rationale that influenced the design and fabri- 
Presented in this section dictated the design 

cation of test bed No. 2. The objectives of the 

were as follows. 

Thrust vector control through large gimbal displacement 

• Dynamic Hinging - in . . f ■•■16-degree maximum 

nhi active . Dynamic hinging or -io 

« i “ - as a m. as d..^ 

displacement angle lMt conf lgura tion to achieve this goal, 

were conducted to determin e the comp i e te engine assembly 

The candidate configurations we thru5 t chamber assembly 

with the flexible inlet ducting, or to ^ ^ was selected , 

- — — 
r.rrmit — , 2ned 

f rhe Nozzle Sides - The nozzles were designed 
• I - Pende ^ S ::::: e H :rco°uld be independently hinged in the static 

- <-■ *■> - <*-•• -> f 

. Lightweight Thrust Frame and System 

r. - - *- 

. secondary Flo. Variation 

its effect on ^ overboard turbine exhaust dump system. By 

live. This was ac ieve and in the ove rbcard duct, 

:: r tr msr- - — - 1 - 3 — of 

the primary thrust chamber flow. 

_ _ . The tri axial combustion wave ignition sys 

• Advanced Ignition ys e ^ ign ition system offered the 

was selected for us. on test »“* N »- 2 ’ the capabllit y of a 

promise of a “'““^ ^‘‘“V/the'.rt for multiple ignition applications, 
major advancement m the 
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. Fabrication Technology - Low-cost fabrication and alternate combustor 
fabrication techniques were explored on test bed No. 2. Combustors were 
fabricated employing annealing to preclude hydrogen embrittlement of the 
electroplated nickel. The annealing took the place of electroplated 
copper to protect the nickel in the areas of manifolds and feed passages. 
Two combustors (No. 1 and 4) were nickel plated (0.012-inch thick) in the 
combustion tone to evaluate the relative erosion resistance of nickel 

versus NARloy. 


THRUST FRAME 

The test bed No. 2 thrust frame consists of too tubular structures of a true geo- 
.etric design. The generic design concept was selected to provide a stricture 
that would simulate, as close as possible, flight-type hardware. There were 
several redesigns favored for the upper structure that would have been even more 
-imilar to flight-type concept hardware; however, to minimis, facility modification 
costs, the existing design was selected. Also, the tubular, geometric design, 
while meeting .il stress requirements expected in three axes, provided the mount- 
ing provisions for all engine systems hardware. 

The upper stationary structure (power head) was fabricated basically of steel 
tubing which varied in diameters ranging fro. 1-h to 3 inches. Machined fittings 
were utilised at the points of tub. intersections, not only increasing the struc- 
tural integrity of the thrust mount, but providing the means of obtaining the 
formation of the geometric design. Attachment of the main structural tubes to the 
machined fittings, as well as the inner support tubes, was accomplished by weld- 
meats of the Class I type. The upper thrust mount incorporates tubular support 
frames with appropriate fittings to facilitate the mounting of the Mark-29 fuel 
and oxiditer turbomachinery. The mount also incorporates miscellaneous brackets 
to facilitate the routing and support of control system, ignition system, instru- 
mentation, ourge, and drain lines. There are also mounting provisions for vari- 
ous engine system components. Interfacing of the mounts to the facility was 
accomplished by the utilisation of six machined ball fittings which “-.mstaled 
into fittings on the mount. Upon installation in the facility, the machined fit- 
tings engaged recesses in the facility thrust plate, and bolts were installed to 
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, « -w, ins'allation. Interfacing the upper mount to the lower movable 
Tut was 'accomplished by engagement of two clevis fittings located at the base 
of the upper mount major support tubes with two tongue fittings J 

self-aligning bearings mounted on the lower mount. Machined pins were instal.ed 
through the clevises and tongue fittings to complete the interfacing. 

The lower movable structure was also fabricated of steel tubing which varied in 

'ns from 2 to J inches. Machined fittings again were ut.U-ed a 

diameters ranging from 2 to 4 inone thrust 

the points of tub, intersections to increase structural integr.tj the th 

d to obtain the formation of the geometric design. Attachment o ma. 
Trill tubes to the machined fittings, and inner support tubes in this assembly 
“pushed by weldments of the Class , and Class types Tb, lower nou 
design -a, based on a need to support th, two S-s=g»ent thrust chamber no., 

l a manner as to ailo. tbe tbrust chamber nutties ro be 

tions in relation to the hinge point centerline. This was accomplished b. 
utilisation of clevises incorporating self-aligning bearings on the two uppe 
tubular support assemblies. Upon installation of th. thrust chamber noct e , 

“ e b es of tbe nestle panels were engaged and bolted within the ciev.se. 

Is plitted rotation,, movement of th. panels. Th. various positions wet, ob- 
tai-ed during hot-fir. testing by using various length Hubs which were attached 
froi. the base cf the nossle panels to the lower snpport tubes of 

r mount also incorporated miscellaneous brachets to facilitate tbe 
"/support of Ignition system, instnssentaiion. purge, drain, and water co ant 
Hues Tongue plate assemblies were welded to th. upper support structure 
facilitate th, utilization of an F-l gi.b.l actuator which was the means of hr g g 
j the lower movable structure for th. thrust vector conrrol studies. The 
(g . t . bracketS to facilitate installation of the hot-gas base 

"u^riLs. The main ignition (combustion wave) pane) was located and 

mounted on the lower mount. 
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COMBUSTOR (RS0G2245X) 


4 far test bed No. 2 was identical to test bed No. I 

Combustor segment design for tes effectiveness of 

except for variation, in Eviction technics to evaluate tne «f ect.ven.s 

several methods o£ electrodeposited nickel (ED.Nil hydrogen embrittlement an - 

several metn , combustion wave or resonance tube igm.er 

design of the igniter port to — ept ...e co „ a 

_ nriallv fabrication of combustors for test be 

the production line setup for test bed ho 1. 

, 1 onni vcas Structural retirements, and rabriuation 

design parameters, thermal analyses, structura - 

in Rf>f 1 are applicable to test bed No. 2 design, 
sequence given m Ref. Pr 

ft hnus the test bed No. 2 combustor igniter receptacle design used. The 

«*— — * " ■* fu r Euti ” 8 

t. allow utilization of the larger igniter designs for resonance or c»bus ion 
wave ignition technics. The brazed-in pert redesign was mad. t ‘ 
or the test bed bo. 1 UK injector milfoil citing without rework of the 
Tasting Lids. Manifold castings for us. on future engine, couid have the port 
cast integral with the remainder of the casting. 

Three concepts of EDNi protection fro. H 2 embrittlement were utilized. Four 

- k with no electrodeposited copper (EDCu) layer on H 2 

combustors were tab. no . ^ ^ ^ mbritU „„.. pI o- 

exposed surfaces. Thes •»« „ assembu „ utilized •'priory EDCu 

tection. Four of the .--m f t0 ad di„ g the EDNi structural 

plating closeout over the J*l. protection aga.ast embrittle- 

backup. These four were also annealed g « prima r>'" 

. n the H channel closeout region. Two segment assemblies utili-ed pnmarj 
ment in the H ? chann surfaces exposed to H 2 from 

erabrittlement. (Figure ^ „ 6ive the additional 

TTT protection. Table 1 gives the mix and location of combustors with the 
various EDNi protection techniques. 
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SECONDARY — v 

copper plating 


^secondary 

COPPER PLATING 


Figure 7. 


Test Bed No. 2 - Thrust Chamber Segment 
Primary and Secondary Copper Plating, 
Interior Nickel Plating 
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After combustor fabricate completion, it was decided to nickei plate the primary 
combustor tone of two segments for evaluation of thermal and oxidation protection 
of the NARloy-A during operation. Table shows the position of these two seg- 
ments on the engine. The plating was 0.002 to 0.003 inch thick, and extended 
from immediately between the injector face through the throat region. No ot er 
changes that affect thermal operation were made on these combustors to allow di- 
rect operational correlation with the unprotected combustion tone surfaces. 

the preliminary stages of the linear engine fabrication program, liner casting 
difficulties and deliver, delays led to the design a»i start of fabrication of a 
backup, non-cast, hot-gas liner. The backup configuration liner -as a multiple- 
pieced machined channel configuration that was EB-.elded together. All sections 
were fabricated from wrought NARloy-A. 

The design is shown in Fig. 8. The "machined" liner duplicated the cast liner 
design fro. combustor segment assembly fabrication, heat transfer, and operational 
standpoints, and was considered interchangeable in all aspects, fabrication of 
"machined" liners was initiated during the test bed No. 1 fabrication stage but 
deliver)' of castings was sufficient to support the fabrication schedule. Subse- 
quently it -as decided to continue fabrication of one machined liner on a low- 
priority basis that was to be utilised in test bed No. 2. Fabrication completion 
was successful, and the unit was installed at position S on test bed No. 2 (see 

Table 1). 


NOZZLE (RS003761X) 

The nettle design for test bed No. 2 is identical to the design defined in Ref 2 
except that it is one-half as long (S versus 10 feet) and has reduced fuel manifold 
capacity to compensate for the lower fuel flowrates. The »7 CRUS constant wall 
thickness, nontapered, 0.200-inch OD by 0.015-inch wall coolant tubes were furnace 
brated to each other and to the structural support hat bands in a single furnace 
cycle Adapter bars were concurrently furnace brated to each end of the nottle 
for the tube bundle attachment to the aft end fuel inlet manifold and the forward 
end combustors by welding and TIG brazing. 
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Each s-foot nozzle rail was attached to the backup sttucture of supporting riba 
by rod end bearings to maintain nozzle contour, to provide nozzle support rom 
operating loads, and to compensate for variations in thermal growth. E 
was completed by attaching the five combustors to the support nb. - -«“« 
the aft end of the segments to the forward end of the nozzle tube bundle. The 
heat generated due to co.bustor-to-nozzle -eld attachment on the rat containing 
combustor positions 1 through 5 caused opening up of tube-to-end bar umace 
joints at the nozzle forward end. Attempts to repair these by hand braze caused 
coolant tube buckling. The nozzle had to be separated from the combustor bank to 
allow mechanical straightening of the tub. buckles and further repair attempts of 
the leak paths. Most leaks were stopped, but a backup collection and dump mani- 
fold was attached to the backside of the forward end of the nozzle tube section 
to provide a harmless means of disposing of hot gas or H 2 leakage during testing. 
Figure 9 shows the installation of the added dump manifold. 

j »».♦■ K a i aver of ■’irconiuin oxide foT the 3 inches 
Nozzle tubes were plasma coated with a layer or _ircomum 

immediately aft of the forward end bar for thermal protection of this high-temper- 
ature operation area. 

TURBINE EXHAUST MANIFOLD (RS003765X) 

The turbine exhaust manifold was completely redesigned for the test bed No. 2 
engine. The large, open manifold, "football-shaped" design with a 
perforated CUES plate gas injection technique was replaced with t e mani 0 e 
tub. bundle design shown in Fig. 10. A simpler, lighter, less expensive, and 
improved structural configuration -as obtained. Each of 10 sheet metal rectangles 
was drilled in the center section for turbine exhaust ,.S injection, rolled and 
welded into S.7-i„ch cylinders, and welded together to provide a rectangular 

base with a uniform gas injection pattern on the bottom. The cylinder ends were 
capped and an upper distribution manifold and inlet flange were attached to complete 
the assembly. This stacked tubular assembly design proved to be a success*.. con- 
figuration with minimum fabrication and operational problems. 
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THRUST CHAMBER ASSEMBLY (RS003770X) 


, including combustors and manifolds, had the 

•n,, two S-foot nozsl. assemblies, snc inst ened on the engine 

=r r~:r =tr- 

rr, .. » 

With all subassemblies meeting design expectations. The nozzle wall 
position were designed for an expansion ratxo of 113. 

. a Mn 2 rails were mounted to allow changing the nozzle angles by 

swinging them about the upper pin mounting and replacing the lower ***** 

swinging repositioning could be done only by engine modifies 

;r: r.r — - - — 

~ >«•> *«« — « 

at positions other than the optinised altitude configuration. 

r. 

the altitu . . were made with the engine remaining in the test 

for the various hinge p ? d es outb0 ard (-7°, +T posi- 

stand. The first modificatio^swung exhaust manifold. After 

tion) and reared ^^^^ration was made utilizing the same tur- 
testmg at this pMi • * . creating a (+ m*. -S') position as compared 

bine exhaust m^ifo d^ ^ ^ ^ of this position in the test facility 
to the ongma . ^ber assembly -10 degrees to have flame 

required swinging the en configurations are shown schematically 

direction approximately vertical. The three contigura 

in Fig. H* 


t 
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FLEXIBLE DUCTING 


Hot-Gas Bypass Bellow s Assembly 

Engine test .valuation of the redesigned bellow. in the bypass duct revealed that 
the internally tied flex joint configuration satisfied all functional and opep- 
tional requirements. Flex joint design, due to duct rerout.ng and changes 
operating conditions, incorporated internal flow sleeves to eliminate the possi- 
bility of flow- induced vibration of the bellows and internal strut and end ng 
machined fro. on. piece to eliminate strut-to-flo. sleeve fillet welds. Ucati n 
of the flex joint in the engine system is shown in Fig. 12. Internal configuration 

of this flex joint is shown in Fig. 13. 

LQX and Fuel Pump Disch arge Flex Joint 

High-pressure propellant joints made of 1NC0 718 with a titanium gimbal ring were 
developed and engine tested during this program. These joints designed for 18 
degree angulation, incorporated two bellows separated by a spool piece 
allowed each bellows to uniformly angulat. 9 degrees. All engine hinging require- 
ments were met without incident, and postt.st inspection revealed no 
Location of this joint on the engine is shown in Fig. .2 and the external config- 
uration of the bellows assembly is shown in Fig. 14 . 

Turbine Exhaus t Flex Joint 

a, e- rh. 18 decree hinging motion requirement of the turbine exhaust 
To accommodate the 18 -degree mgs 

* at operating conditions, a ball and socket joint assembly made of INCC 718 
. design incorporates a close-tolerance ball and socket joint 

TatTsVelled to a tripod strut assembly which provides unifom loading to mating 
tht . The ball and socket mating surfaces are 

ZredTith'd^ mm lubricant to reduce friction during bellows angulations and 
TenoT, convolutions ere protected fro. high-velocity flow by intern. iners. 

Electron-beam -elding was used extensively during fabrication «, a 

. . . . _ ij etortion Visual examination of the flex joint 

joint assembly with minimum distortion. 


R-9049 

33 






T 



1CT62-4/21/72-C1 


Figure 


13. internal Configuration of the Hot-Gas Bypass Bellows Assembly 





fallowing completion of engine testing revealed that the assembly was in satis 
factory condition. Location of this joint on the engine is shown in Fig. and 
the flex joint configuration is shown m fig. 


COMBUSTION WAVE IGNITION SYSTEM 

The combustion wave ignition system selected for test bed No. 2 is show, schema- 
tically in Fig. 16. The 10 triaxial igniter elements Fig. 10 are simi ar m 
internal dimensions to the elements sucoessfully test d during the initial concept 
demonstration tests (Ref. 2 )• The internal tube series as the combustion wave 
passage during ignition and flows hydrogen only after combustion wave generation. 

The internal tub. is surrounded by concentric tubes that flow pilot P«p.lla«t» 
during ignition and mainstage. The pilot element is ignited by the passage of t 
combustion wave prior to main propellant valve actuation, and the ignition is .re 
fore independent of the main engine start sequence. 

Propellants for the ignition system ar. supplied from the bootstrap taheoff 
flanges on the high-pressure propellant ducting. The propellant feed ^ 

IS, are provided with flexible sections to acco.mo.at. thrust chamber hinging 
in orporate normally closed solenoid valves which serve as the igniter oxygen 
v.J ( :OV, and igniter fuel valve (IFV). A normally '-losed three-way so.en.id 
valve with overboard vent capability is installed upstream of the 10V. noma . 

I d solenoid valve serving as the pilot oxidises valve (W * 

In the pilot oxidiser feed line. The premixer (Fig 1 91 mploys a sin !. me trie 
tub. mixing element and an integrated spark plug and exciter unit (ISE) .Fig. 

electrical control system 

The experience and success encountered with the external, relay logic-type control 
assembly (K-box) used on test bed Mo. 1 led to the us. of *" almost identic, s. - 

tern for test bed No. 2. 

The engine logic, being basically the same for both engines, retired only a 25- 
percent modification in the F.-box. The prumry difference centered around 
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Figure 16. Test Bed No. 2 Triaxial Combustion Wave Ignition System 
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post-'-utoff spin and associated interlocks. Also, the introduction at the ASI- 
type combustion wave ignition system required the addition of several solenoid 

valves into the system. 



The start sequence was initiated by signaling helium control "on" and activating 
the combustion wav. system. After a short delay allowing propellants to flow 
through the ignition system, spark, are turned on to initiate the combustion wave 
and the engine start and mainstage start solenoids are activated (main valves be- 
gin to open). The sequence is again delayed to allow main chamber ignition (a 
cutoff is generated if an ignition detect signal is not received), after which 
turbine spinup is initiated. Gas generator igniters are fired during the spin 
phase. At the conclusion of a 2.5-second spin, the facility spin system is signaled 
to shut down and mainstage control solenoid is energised, opening the gas generator 
and ramping the main oaidii.r valve to full open. After several seconds, the main- 
stage OK pressure switch verifies a mainstage operating mode or generates a cutoff 
signal if the engine has not ranched its mainstage level (see Fig. 21). 


The cutoff spin was required to eliminate the "trapped" volumes of oxidner-a 
resuit of the mechanical design of the engine. In its final form, the logic con- 
sisted of cutoff re-energizing the facility spin system Bid initiating an oxidizer 
manifold purge. The main fuel valve was kept open during this time to keep mixture 
ratio at a minimum. The expiration of the helium de-energize timer then shut down 
the spin system and concluded the cutoff phase of engine operation (Fig. ). 

General system design was, as stated earlier, basically identical to that 
bed NO. 1. Relay logic again proved adequate; redundant and/or two-out-of-thr. 
voting solid-state timers provided sequencing. Several diode Bid resistor failures 
were encountered, due primarily to interfacing with previous wiring or incorrect 
wiring installation. Significant problems were encountered interfacing with the 
facility electronics, due to system wiring saturation fro. previous programs. 

„ith the elimination of these problems, the electrical controls proved 100 percent 

reliable. 





♦ 
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PURGE AND DRAIN SYSTEM 


Experience gained during the No. 1 test program was the oasis fo. No. - purgi g, 
the two systems being almost identical. Where the same purges were required, 
temperatures and flowrates were not changed though, in some cases, minor sequencing 
changes were made. Three major differences were introduced: (1) elimination 

the fuel manifold cutoff purges, (2) introduction of the post-cutoff oxi izer man 
ifold purge and cutoff use of the ignition system pilot oxidizer manifold 

purge. 

Purging of the »ain propellant ducts after cutoff was again dictated bp the 
■•trapped" voice of oxidizer. However, in the case of the No. 2 engine ' 

— d ' s ;:r “z • 

showed tha^purging of the fuel manifold, as done on No. 1, would probably result 
. . . , e ratios and subsequent thrust chamber erosion. Purging 

r f r::::;::^zn:riiosing *. .am , ***** 

of the fuel turbopump, provided the only promise of a safe shutdown is P 
to be the cue as, in all but on. test, this sequence -as ~ 

stance, the purge did not activate at cutoff, and extensive nozzle da«.ge 

T coition system purging was changed only by the addition of the pilot oxidizer man- 
ifold purgv. This was sequenced with the oxidizer uanifold purge and acted prmarz y 
to dry the manifold and eliminate any oxidizer at cutoff. 


Table 2 shows the final purge sequencing. 


Figure 5 shows the pneumatic control 

~ » - - •• - 

bottle used in the J-2X program. 


he system operated satisfactorily with no malfunctions. 
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SYSTEMS SEQUENCE OF OPERATION 
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FACILITY MODIFICATIONS - DELTA-23, SSFL 


, . . Vprein are divided into two main groups: those 

!rr t =“riirr”Vd ^ o„ »- 1 - -"«* 4 to c ° nfot " ,o 

the requirements of the former. 

, nnci-r?ints of the turbomachinery, required that a large 
Test bed N °- expended ^ gas be bypassed so that they would not flow 

j * «.i« — *««• * ,aem ““ ,m - three ° v " board ^ 

systems were installed. 

instaUe d to handle the excess oxidlier at a maximum flowrate of 148 
* syste. was L0X run tank as a "catch tank." This was 

lb/sec. This sys e« condition that would exist if both COX and large 

necessary because ^ ^ 0 f the Delta area. The oxi- 

dl te^ 1 recovery systeu was outfitted with a turbine-type flowcter. orifice, and 

instrumentation provisions. 

enable of a 41 lb/sec flowrate of LH 2 was installed to handle 
Another system ca P * » the facility flan, deflector and 

the excess fuel. ™i sy „ lt nation and burner were considered 

outfitted with a GH 2 burner syst . turb ine-type flowmeter, 

safety requirements. This system was also equipped with a turbine typ 

orifice, and instrumentation provisions. 

„. ..... - ~r- 

r - — 

propellants* 

..... rn meet t he requirements of the facility interface 
The thrust system was mo 1 i hrust loads . The system was designed for 

criteria for **«£**£“ ^ ^ ^ h0til0 „ t ., thrust compo- 

. nominal vertica ' consisted of two vertical restrain- 

r lltr ^xurT^ kb kh. facility thrust plate. The roll thrust 
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snr— . ~~ u ~ 

uas installed to rotate the thrust chamber 
A dynamic thrust vector control sy * “ ^ through ±16 degrees. An F-l pro- 
as a complete unit about the test e ^ tte existing facility hydrauUc 

— - — * - — 

s.v. riI 

- - *• *-• — « = r «. 
spin line interfaces. Also opening . The electrical control 

as was the flame deflector -o #tirt a:id cuto ff sequence requirements 

assembly (K-box) was modified to mee &t Canoga Pa rk. Instrumentation 

of the tost bod. This offort »as tcc P 1 ,ith tho otc.ption 

xequitot'ohts for tho tost bod woto st»tl»r 
Of the additional overboard dump systems. 
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TEST BED INSTALLATION AND CHECKOUT 


Test bed No. 2 -as received in the Delta area on 23 August 1972. No major prob- 
;em -ere encountered during this period of installation and checkout. The minor 
problems encountered are delineated below. 

Relocation of the CH 2 spin and fence coolant -ater interface connections -ere re- 
quired. Mocking up and final fabrication of the engine 10X and LHj overboard 
line, -ere acconplish.d after the test bed -as installed in the test stand. 

J-2S inlet ducts -ere used to interconnect the turbomachinery to the facility. 

This required a 1-inch spacer to be fabricated and installed on the oxidizer side 
of the test bed to allow mating with the facility. 

Minor clearance problems were encountered with the attaching and the extension/ 
retraction of the gimbal actuator and yoke assemblies. These interferences were 
relieved by use of shims and some minor cutting away of excess metal on the thrust 

mount . 

Electrical problems encountered during checkouts were limited to the electrical 
control assembly (K-box). Minor wiring errors were discovered and rectified during 
electrical system checkouts with no damage to the hardware and little xoas o time. 

The proper sequencing of the facility overboard dump valves required the changing 
of the control heads on several of the valves. 

instrumentation requirements -ere met -ith no difficulty and no other mechanical 
or control problems were encountered. 
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SYSTEM OPERATION AND PERFORMANCE 


test summary 


. , . „„ „ est b .;d 'Jo. 2 at the Delta-2B test facility. 

rhirty-six tests ^°l^ /tTansi tion tests, and 23 tests were mainstage tests. 

Fhirteen tests were is series reached 1199.5 seconds, 

the total time of mainstage dotation for the test series ^ 

Major test objectives, conditions, and results 


:ngine start 

, v ft,- linear test bed No. 2 were defined with the aid of 
rhe start techniques fo h -ar ^ ^ ^ „ turbine spin time. 

1 dUital ^ Tdizer valve ^ main propellant valve ramp rates, and hydro- 
first-stage mai varied until acceptable fuel turbopump surge margin 

gen spin pressure respon obtained. Examples of the CRT output 

and gas generator ^ ^ T characterize the test bed No. 2 start sequence 

from the start model case seiectea 

are presented in Fig. 23 through 27. 

, • the start model is presented in Fig. 28. 

The engine start s ^ Ct L solen0 id is opened to charge the engine 

“ wave ignition system ptopeiiant v.ives ate opened. 

HT I; ignition delay timet is statted to allow sufficient time fot t e com- 

. Z oilot oniditet men! folds to prime with ignition ptopellants. 
bustion wav. and pi ^ lay tiMr> t h. state solenoid and main- 

Upon expiration of t gn hsli „ p «„ u ,e to the opening actuators 

stage start sol ““^ ^ t h. combustion wave pteccmbustot is sparked to 

of the main propellant v . wave precombustor oxidizer valve 

provide thrust chamber ignition. Th further CMbustion 

within 50 milliseconds of the spar* signal 

12 r *. i**- 

::::: p—— r s P .rhs «. -* - ■*- 

is enabled. 
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BLE 3. (Continued) 
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TABLE 3. (Continued) 
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During the spinup stage, the hydrogen spin system valve is opened to supply sp.n 
gas to the turbopump turbines, and the spinup stage timer and gas generator igniter 
timer are started. When the gas generator igniter timer expires, both pyrotechnic 
igniters in the gas generator combustor are fired. When the spinup stage timer 
expires, and a link break signal has been received from the gas generator igniters, 
the secondary buildup stage is enabled. 


Secondary buildup is initiated when the mainstage control solenoid opens to supply 
opening pressure to the second-stage actuator of the main oxidizer valve. The main 
oxidizer valve ramps to the full-open position, the gas generator propellant control 
valve opens to bootstrap turbine power, and the hydrogen spin valve is signaled 
closed. A 1.0-second mainstage OK timer is started and, on actuation of the cali- 
brated pressure switch in the oxidizer pump discharge duct, the engine is allowed 
to bootstrap into mainstage. 


The analytically determined-engine start sequence proved successful with a minor 
modification to spin timer duration. Two-phase flow through the main oxidizer 
valve during the spinup stage increased the effective resistance of the main oxi- 
dizer propellant feed system and necessitated a 0.5-second increase in spin time 
from the 2.0 seconds anticipated. CRT records of a typical start on test bed No. 2 
are presented in Fig. 29 through 32. Engine chamber pressures responded as expected 
during the start transient (Fig. 30) and diverged in mainstage according to the 
individual injector and feed line resistances. Fuel turbine inlet pressure dropout 
on spin valve closure (Fig. 31) was less severe than predicted by the model, and 
an excellent bootstrap-to-gas generator operation was obtained. The fuel turbine 
inlet temperature spike at bootstrap was no problem, as predicted. 


ENGINE CUTOFF 

The amount of stored oxidizer in the oxidizer feed system at cutoff for test be 
No. 2 is approximately 50 pounds. The stored oxidizer weight per combustor is, 
therefore, greater on this engine than on test bed No. 1. After a careful 
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Figure 30. Chamber Pressure vs Time 
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Figure 51. Fuel Turbine Inlet Pressure vs Time 

R-9049 


70 


FUEL TURBINE INLET TEMPERATURE, 


t 


Figure 32. Fuel Turbine Inlet Temperature vs Time 
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review of fuel in j ection temperature response at cutoff, high-speed photography, 
and test-to-test hardware condition on test bed No. 1. it became evident that the 
massive fuel-side cutoff purge method gradually deteriorated the surface condition 
of the NARloy combustors. A detailed analysis of various cutoff methods that were 
less severe and more applicable to flight engines was undertaken using a digital 
engine cutoff model. The method selected for test bed No. 2 cutoff is a turbopump 
re-spin with a closed main oxidizer valve and an open main fuel valve. Stored 
oxidizer downstrear of the main oxidizer valve is purged at a controlled rate and 
burned at low mixture ratio in the combustors. Selected CRT traces from this cut- 
off model are presented in Fig. 33 through 35. For a fuel turbine inlet spin pres- 
sure of 350 psia, and an oxidizer purge flowrate of 5 lb/sec, the resulting mam 
chamber pressure was predicted to be approximately 350 psia (Fig. ->3) . The thrust 
chamber mixture ratio (Fig. 34) was predicted to be less than 3.1 during cutoff, 
and the fuel turbopump (Fig. 35) showed satisfactory flow coefficient recovery 
following chamber pressure buildup at the initiation of oxidizer purge flow. 

The engine cutoff sequence derived from the cutoff model analysis is presented in 
Fig. 36. At engine cutoff signal, the mainstage start and mainstage control sole- 
noids are de-energized to depressurize both opening control stages of the main oxi- 
dizer valve. The main oxidizer valve and gas generator control valve are both 
closed by solenoid dropout. The cutoff signal also signals the pilot oxidizer 
valve of the combustion wave ignition system to close, and the hydrogen spin system 
valve to reopen. Upon main oxidizer valve closure, the oxidizer purge valve opens 
and stored oxidizer is purged from the engine manifolds. A 2.0-second helium control 
de-energized timer is started at engin- cutoff and, on expiration, the engine start 
solenoid is de-energized to close the main fuel valve, the igniter fuel valve is 
signaled closed, and an igniter purge valve is opened. The spin valve is signaled 
closed at timer expiration, and the oxidizer manifold purge valve is closed after 

the main fuel valve closes. 

Test data from a typical engine cutoff, using the sequence of Fig. 36, is presented 
in Fig. 37 through 40. Chamber pressure (Fig. 38) was slightly higher than pre- 
dicted as a result of a higher fuel turbine inlet pressure than modeled (Fig. 39) . 
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No. 2 Test Bed Cutoff, Typical Chamber Pressure vs Time 
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3,. No. 2 Test Bed C tof*. Turbine Inlet Pressure 
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Figure *0. No. 2 Test Bed Cutoff. Typical Fuel Injection Temperature 


R-9049 

30 



^ «« — * nr - 

-r.rrrir= ( ^- - — - - — 

coverage or from posttest hardware examination. 

IGNITION SYSTEM OPERATION 

Ignition system operation ™ ^ igniter fuel 

Cr lve* CIF^ ' an^pi lot oxidizer valve (?OV) are opened allowing tankhead fuel 
and oxidizer to prime the premixer, the combustion wave manifolds, and the ^pi o 
ids Afte- a predetermined time sufficient for priming, 

p ;:ri - * — « - r — ;rr “ 

ld _ nd resu i t5 in ignition of the pilot propellants at the 
Vm^tion wave manifold ana results ® 

f Th“ IOV is closed shortly after the spark signal 

thrust chamber injector face. Th- thre e-wav valve is closed 

to prevent sustained combustion in the premixer, and the three 

to vent the propellant line upstream of the IOV. The three-way valve prev 

L. from the premixer from entering the GG oxiditer line in the event of .« 

age or malfunction. 

During turbine spinup, transition. and ^ 1 ”! Pilot oxiditer 

-« - - *— — nd 
mixture ratio of about 1.3 to 2.2 in mainstag, depending on me Pi. posmon and 

power level. At engine cutoff signal, the POV is closed. Upon expiration . 

P • t - mer the IFV is closed and the igniter premixer purge 

the helium de-snergize timer, the u-v 

is activated. 

The triaxial element combustion-wave ignition system -a, successfully tested 50 
- test! 624-037 to -047 in 1072 and 624-001 to -0,9 in i973, in junction 

tith' i.»t bed No. 2. Starting propellant supply pressures to the Ignition system 
were approximately tb, s»e foe each test. The predicted mixture ratios and^ro- 
pellant flows at start and for several mainstage cases are presente 
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TABLE 4. COMBUSTION WAVE IGNITER MIXTURE RATIOS AND 


r 

At Pilot 
Ignition 

At Thrust 
Chamber 
I gni tion 

Maximum PU^| 
(1200 P ) 

Null PU 
(1068 P c ) 

Maximum PU 

r 900 P ) 
c 

Null PU 
("45 P c ) 

Premixer 




0 

0.18 

0 

0 

Mixture Ratio 
Total Flow I 

12.2 

0.00086 

0 

0.0021 ' 

0 

0.16 

0.19 

0. 19 

Pi lot 



A 

1.8 

1.49 

1.5 

1.3 

Mixture Ratio 

Total Flow 
(10 elements) 

2.6* 

0.019* 

2.S 

0.022 

L 

7 ^ 

1.64 

1.40 

1.31 


*Does not include premixer flo^s 


These mixture ratio ahd «- conditions proved to he 

They could be easily chaaged if necessary, within a wide operating rang 
changes and/or by propellant supply pressure changes. 

rMf frest 624-04SB) was prematurely terminated shortly 
One attempted ma.nst.ge tes ( ^ ov erte„p=r.ture redline was exceeded 

after the ..instage overt ^„ at „r« condition was caused by 

in the combustion wave premix . - b in „ in8 approximately 250 milli- 

prematur, ignition and burning in e ^ [e cause for th e premature 

seconds before normal spark ignition. chambe - exit igniters (after- 

, "backfire" from the external thrust chambe. exit ignixer 
ignition was igniters ign ited the pilot propellants 

burners) . It is ^ propagated as a de flagration and detona- 

m at least one seg ^ gas combust i 0 n wave manifolding to the other 

tion wave back throug . nrf .mixer ignitions were 

segments, and to the premixer where ^"^i gTiters were not sequenced on until 
experienced. On subsequent tests, the exit igmt 

after ignition and no premature ignitions occurred. 
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IGNITION DETECTION SYSTEM 


The ignition detection system for test bed No. 2 utilized the same system as test 
bed No. 1, i.e.. a slope detection monitor of the main fuel injection temperature 
of each segment, requiring a "go" signal from all segments. Several 
prematurely terminated by the failure to receive an ignition OK signal from one 
or more of the segments. Review of the test data indicated that, in all cases, 
ignition had actually occurred. The problem with detection seemed to be the 
sensitivity of the equipment being used and the subtlety of the slope changes 
in the parameter being monitored. 

With this acquired expertise, it was decided to allow any one "go" signal from 
each of the two sides be enough for continuation of the start sequence. 

This modified system performed satisfactorily for all subsequent tests. 

MAINSTAGE PERFORMANCE 

Mainstage operation was achieved during 23 tests on test bed No. 2. Most of the 
tests were conducted at a chamber pressure of approximately 1000 psi and a mixture 
ratio of 4.0. With mixture ratio excursions, data were obtained at 680-psi chamber 
pressure and at a 3.1 mixture ratio. Limited testing was conducted at higher levels 
up to 1200-psi chamber pressure and a 5.7 mixture ratio. Typical performance data 
at three operating levels which span the test range are presented in Table • 


thrust chamber performance 

Tk. thrust chafer characteristic velocity efficiency and specific impulse of test 
bed No. 2 correlated very closely with that of test bed No. 1. when the scatter in 
the data was reduced by properly accounting for the variables contributing to the 
scatter. The thrust clumber performance of test bed No. 1 was published in Volune 
1 of R-9049 (Ref. 2 )■ Since then, further analysis of test bed No. 1 data was 
performed to: (1) reduce data scatter. (2) calculate statistical 2-0 deviations. 
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TABLE 5. LINEAR TEST BED NO. 2 MAIN STAGE PERFORMANCE 


Test Number 

624-011 

624-006 

624-013 

Slice Time, seconds 

92 

58 

60 

ENGINE PERFORMANCE 
THRUST, pounds 
MIXTURE RATIO 
I s , seconds 
“4>, lb/sec 
wp, lb/sec 

“TOTAL' lb / sec 

THRUST CHAMBER PERFORMANCE (avg) 
MIXTURE RATIO 

PRESSURE (INJ), STATIC, psia 
C* (INJ) 
r ^ (NOZZLE) 

*4. (TOTAL), lb/sec 
4>p (TOTAL), lb/sec 

“TOTAL « lb / sec 
A t CORRECTED (TOTAL), in. 

EXPANSION RATIO (est.) 

FUEL PUMP PERFORMANCE 
P I\'LET (total), Psia 

Wet < tota ^ psia 

’INLET’ lb/ft , 

’OUTLET’ lb/ft 
PUMP SPEED, rpm 

HEAD, feet 

VOLUME FLOW, gpm 

WEIGHT FLOW, lb/sec 

rj, percent 

REQUIRED HORSEPOWER 

53,728 

3.26 

334.45 

122.92 

37.72 

160.64 

3.62 

721.2 

8264.1 

1.017 

119.60 
33.00 

152.60 
54.35 

115.82 

43.3 

1460 

4.416 

4.555 

25,722 

44,171 

7807 

76.81 

0.732 

8433 

76,070 

3.93 

340.95 

177.90 

45.22 

223.12 

4.33 

1002.8 

8304.0 

1.029 

173.28 
40.02 

213.29 
54.89 

115.82 

42.7 

1857 

4.425 

4.582 

29,164 

55,343 

8820 

86.95 

0.71S 

12,232 

95,929 

5.62 

339.72 

239.75 

42.63 

282.38 

6.34 

1196.6 

7830.3 

1.023 

234.70 

37.04 

271.74 

55.27 

115.82 

43.3 
1980 
4.416 
4.584 
29,966 
59,620 j 

8668 ] 
85.28 
0.710 
13,013 
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TABLE 5. (Continued) 



OXIDIZER PUMP PERFORMANCE 

P INLET* (T0TAL) ' PSia 

P OUTLET’ ( TOTAL) ’ PSia 

P INLET’ lb/ft 

^OUTLET’ lb/ft 
PUMP SPEED, rpm 

HEAD, feet 

VOLUME FLOW, gpm 

WEIGHT FLOW, lb/sec 

percent 

REQUIRED HORSEPOWER 

GAS GENERATOR PERFORMANCE 
‘**4>, lb/sec 
P$, lb/ft 2 
dp, lb/ sec 
P F , lb/ft 2 

‘“TOTAL- lb/5 " : 

MIXTURE RATIO 

PRESSURE (INJ) (CALC), psia 
FUEL TURBINE PERFORMANCE 

“total- lb/s ' c 
’inlet' < total) - psl “ 
’exit- static - psia 

PRESSURE RATIO 

’inlet- static - ’ sU 


3 
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table 5- (Concluded) 



and (5) correlate data to Mat : bed No 2. c0 „ duct ed during this 

— ; rrr~ — - - — 


rvaa+art eristic Velocity 


Efficiency 


The characteristic velocity 

+2.25 percent scatter. The 
the equation: 


ciency data of test bed No. 1 had 
■acteristic velocity efficiency is 


approximately 
calculated using 


c* 


P A 
c t 


W c*. 


g 
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where 


P 

c 


= chamber stagnation pressure, 
injection momentum 


corrected for Rayleigh losses and 


\ 

W 


measured throat area 

measured total primary flowrate 

. . characteristic velocity for propellants at measured 

S}2 U " it ' Zl T~, te^erature. and -i«ure ratio 


By the „„ so.ce of — - - - - .r ztz 

throat area -as m the throat area caused 

»s the hot-firing subse<tuen t polishing of throat surfaces. The 

by erosion of t lf « r a p pr0 *i„ately 300 seconds of operating 

largest of these change g , t in throat „ea due to erosion -as 

tii« -hen a change o appro*! accu „ul,ted run tine in Fig. 42 

^ . a n lot of the parameter iw/p J versus 

estimated. A plot v c , t *_ p This parameter is 

gives an indication of the ch«S < * l * _ s linited to a narrow range 

directly proportional \/ • range, the character- 

in p c . which automatically limits mixtur > ratio ^ ^ ^ & function of throat 

istic velocity will be fixed and t. P«^ with tine . As 

area only, since no changes occurr ggo-913 the throat area 

• p-„ 42 for the range of chamber pressure of 880-913, 

shown m Fig. * seconds, with a step increase of 

renamed practically constant tor the first 350 This agree5 

l.g 3 percent before ICO ~ “ ^“lons . after 400 seconds, 

closely -ith estimates ma ^ 1 . 91 -percent increase in throat area up 

the parameter W/P indicates g time Flowrate and chanber 

to the 3000 seconds . tote ^ data ln Fig . 42 . Data for chanber 

-;r rrr- - - - - — 


R-9049 

88 




then calculated fot each test. «lth the new ti -eat area, the ” ,0C ’ 

it , efficiencies ( V ) wet. recaicnlated ana are shown an r g. • Th " 

. . C . . . curve fit of the data indicated a variation »ith 

aas reduced considerable. A ch ambet pressure 

m : Yrurp rat io as shown by the solid line in Mg. 

“ u . Th. variation with chamber pressure ... less significant . an the 

mixture ratio variation. The equation relating n c . to chambei pressure . ) an 

primary mixture ratio <M % ) is sh„,n in Fig. 43 . The calcui.ted 1-0 vana.ion . . 


the data in Fig. J 2 was 10.69 percent. 


it should be mentioned that fuel leaks in the thrust chamber tubes experienced 
toward the end of the program, tend to increase the value of the c > P" a 
r i eld » virtual increase in throat area. This i- rectified, however, in the 

calculated c* because the uncorrected flcwrate is used. 

Correlation of test bed No. 1 and 2 C data is shewn in Fig. 44. As c-b. seen 
the correlation is good because injector and combustor geometry were identical fo. 
both un^r L larger scatter present in test bed No. 2 data is believed to have 
been caused b, the increased scatter in the flowrate measurement. No attempt was 
made .0 re-hice data scatter as -as done with test bed Ne. 1 deta. 


Specific Impulse 

Pbe teats in the beginning of test ^ ^ “^f^e^a^ngi. 

:^rtr;r.ri:cted « — — r 

projected pci 3 «3 to 5 98. and at expansion area 

«n* to 1155 psia at primary mixture ratios of 3.83 to :>.*», an * 

ratios fro. 113.5 to 116.2 (since chamber pressure affects the »™t / 

daca point was corrected to on. set of conditions, i.e.. P £ 1120 psia, 

£ - 115 and P ■ 13.77. The mean sit. (P. ■ 13.77) specific ispulse calcul.t 

in'this'manner'was 345.5 seconds with a 2-0 variation of al.62 percent. 
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2o VARIATION = ±0.69% 

CURVE FIT AT P c - 1200 PSIA 

« A + B P* + C MR* 
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iml . lse also determined fro. site data with prooedur is presented 
Vacuum specr d indicated above, tie projected 

in Ref 1 . For the conditions of P c> ‘ w p » 

arc - cppnnds The 2-0 deviation for this mean 
mean vacuum specific impulse '.as 455.. seconds, The 

value was =1.26 percent. The =* efficiency for these conditions is 9-a P«ce 
(Fig. 43 )- 

1 nn of tes* bed No. 1 and 2 specific impulse data is shown hi Fig. •»» 
r/;"/ tin. Characteristic veiocity efficiency and mixture 

ratio data are also shown. Very good correlation was i obtained in t e sp.ci . 

. The» rvnical altitude compensation of the acrospike noz *e per 

impulse data. The typical aicivu r gl6 

, k rhn data At a chamber- to- ambient pressure ratio (F c / p a J 

;; ri. . - — — - - is — ■ at 

a primary mixture ratio of 5.5. 

SECONDARY FLOW EFFECTS 

wlth the aerospike has shown that nozt'.e performance varies with 
pest expert « - exists which, for a given geom- 

secondary flow and the P larger gains in performance 

etry, depends on pressure ratio (altitude). A1.C P rv 

are obtained at the lower altitude, that at 

fl *s increase in specific impulse of approximately 1 percent would 

riled by decreasing the secondary flo, » 

lirnerrlltirisecendary flow of 1 percent 
from the reference secondary flow. 

a ■ rh met bed No. 1 (secondary flow of 2 percent) and test 
Test results obtained with t_ 

bed No. 2 (secondary flows of 1 and 3 percent) are shown in Fig. . 

ratios tested, the measured specific impulse appears to 
IZ trend, with secondary flow. For most pressure ratios, 
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, flnw data are higher than the average curve through the 
the 1-oercent secondary flou data a g nerrpn » 

* _ _ u* ~u« r ^ e ccnr e ratios, the j-percenc 

predicted for the vacuum case. 

BASE PRESSURE TRENDS 

- rr z :z:::lz'L * - . — r - — - 

the rectangular baa. abb decreased a.,, the sides - - 

- , crl The variation of the arithmetic average base pres- 
Arithmetic averaging was ■ 4? ^ both test be ds. 

sure with engine operating preasur. ratio .s hown n g. ^^ts 

_ ... „ J the upper and lower limits of the base press 

p„r test bed No. I t PP „e r tical bars. In all tests conducted, 

“ C ‘ Ch PrM r” pressures between Ob to .00 percent of ambient pressure, 

the average b se press^ ^ ^ obtain e d ln t he .-percent secondary 

noTtestj.' The .-percent secondary flow tests sh««d >ase pre assure, Mgher than 

the 2 percent, also as J ZZZ 7ZZZZ higher base pressures 

hinged configuration with 3-percent ry fftciellt ( ,7*..7*) 

“jSnrST n. higher base pressure con- 

tributed to the higher performance of the hinged conflation. 
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THRUST VECTOR CONTROL STUDIES 


DYNAMIC HINGING 

Dyuamic hinging of test bed No. 2 was accomplished though the us. of an F-l engine 
,i*.l actuator. The actuator -as .ounted to the Delta-2,, test stand and attached 
through a bell crank to the lower thrust frame, as shown in Fig. 48. The total 
travel of the actuator was approximately 6 inches and the bell crank leverage -as 
designed so that 15.5 inches actuator motion would result in ±16 degrees rotation 
of the thrust chamber assembly about the hinge axis. The actuator was driven by 
hydraulic fluid supplied from a test facility hydraulic system. The actuator was 
much larger than necessary to provide the forces required for hinging but was used 
because of availability. The actuator piston area was 57 sq in. and hydraulic 
supply pressure up to 1500 psi was available. 

Dynamic hinging was accomplished on three tests. On test 624-006. five -P.ete 
hinge cycles at 112 degrees were accomplished. On tests 6 an- 

at *16 degrees were accomplished on each test. The hingin, te at 116 degrees 

was" approximately 5 seconds per cycle. This -as the highest hinging rat. possible 
because of flow limitations in the ground hydraulic system and the .arge flow deman, 
of the large diameter actuator. Hinging operation on all tests was smooth and 
trouble free. Operation was stable throughout with no undue vibrations or anoma re. 

encountered. 

Posttest inspection of the flexible ducting and other engine hardware did not revea 
any damage resulting fro. the hinging. Figure 49 shows the engine at the -16- eg 
hinge angle during one of the hot-fire hinge cycles. 


STATIC HINGING 


Two configurations were tested to determine the thrust vector and performance poten 
tial of hinging combustor-nozzle banks of the linear engine. One of these config- 
urations consisted of prepositioning each of the two combustor-nozzle banks outward 
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49. Test Bed No. 2 Dynumic Hinging at i 10 Degrees 


♦7 degrees (Fig. n ) from their normal orientation. The other consisted of pre- 
positioning one bank inward 5 degrees and the other outward 17 degrees. The first 
configuration improves axial thrust, while the second provides a side force with 
little change in axial thrust. 


Symmetric Static Hinging Configurat ion (+7°, +7°) 

It had been estimated that the ( + 7 0 ,*7 0 ) configuration would increase the thrust 
chamber performance a maximum of approximately 3 percent by discharging the pri- 
mary combustion gases more axially. The increase in thrust would vary with pres- 
sure ratio (altitude) since the effective gas discharge angle changes with alti- 
tude. At design pressure ratio where the gas discharges axially in the reference 
(not-hinged) configuration, the performance of the hinged configuration would be 
below that of the reference configuration. 


Testing confirmed this initial estimate. The ratio of thrust- to-chamber pressure 
is shown in Fig. 50, plotted as a function of chamber- to-ambient pressure ratio, 
for the reference (not-hinged) configuration, and for the ( + 7 ,*7 ) hinged 
configuration. 


The parameter F/P is proportional to the product of the nozzle thrust coefficient 
(C ) and throat area (A t ) . The nozzle thrust coefficient is a function of pressure 
ratio and orientation of the combustor-nozzle banks, while the throat area is not. 
Therefore, the parameter F/P c follows the same trends with pressure ^tio and nozzle 
orientation as C . Average curves have been drawn through each set of data in 
Fig. 50. By comparing these two curves, it can be seen that the thrust coefficient 
was increased by approximately 3 percent at a pressure ratio of 62.5, and by 1 .8 
percent at a pressure ratio of 75. Above that pressure ratio, the increase in 
thrust will diminish, although no data were obtained above that range. Below a 
pressure ratio of 62.5, the increase in thrust again diminishes. This is caused 
by the effect of recompression on the nozzle flow discharge angle. 
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It 15 possible to calculate the initial angle (for the reference configuration) 

of the resultant force acting on each notale bank as auction of pr«sur. ratto 

from the measured axial forces (Fig. 50) of the (W,-. ) hinged con 

and the reference configuration. The equations necessary for calculating 

: n 51 In this simplified analysis, 

resultant angle before hinging are shown in Fig. . 

it is necessary to know only the axial thrusts before and after hinging as a .unc- 
tion of pressure ratio, and the hinge angle. The calculated resultant angle, 

“Id from 14 degrees at a pressure ratio of 02.5 to 12.5 degrees at a pressure 
„ tlo of 22. The variation of 0 R with pressure ratio is utiliaed in the analys. 

If the unsymmetric static hinged configuration, made to determine effective g.mbal 

angles. 

Unsymmetric Static H inging Configuration , -5 J. 

Figure 52 displays the skewed configuration relative to load '•ell locations and 
engine coordinates, bating on. coaster-nettle bank outward ..V P- 
the resultant foroe more axially, simultaneously reducing the side force on that 
side (Fig. 53). Positioning the opposite coebustor nettle bank inward S 
increases the side force on that side and reduces the axial thrust. The net effect 
is the generation of a side force which, as initially estimated, provide a 

maximum of 1. degrees of equivalent gimbal angle with no appreciable change 

thrust . 

The engine could not be tested with the basic CW. -5*) configuration since 
the exhaust would have missed the facility flame deflecting duct. Instead the 
pre-hinged engine was rotated 10 degrees to bring its exhaust gas axis in coinci 

dence with the flame bucket axis. 

. c„-r» -ratio data fF/P ) obtained with this configuration 

Axial thrust- to-chamber pressure r c „ t 

(+- 7 ° +7°) configuration and the basic not- 

are shown in Fig. 54 compared to the [+7 * > co 8 

hinged- configuration. These data are also shown in Table together with 
Side force data (divided by chamber pressure) measured during the same test sen, . 
t s necessary to convert this axial thrust and side f.rce data to . at would 
v be measured bad the engine been tested in its basic (elW. -S') orientation. 
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Equations - 

R ten. Or 

Bw. jh, (&*-&*') 

Q r - 6 a — 

Or • ? d 


//tf/44 l^RosT BefcHc 
fhtAL Tttxosr frrez 
$E50LTA*jr $At6l£ fcflEA 
-jJ//J6£ <4 a/61£ 


$c^i>r/0AS ; 

* &h + (e*S 0 * -/)/(* 0*+e*-t-4 9 ) 

<P s ffi/fjut 


Figure 51. 


Equations for Calculation of Linear Thrust 
Chamber Resultant Force Angle 
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Equations: 

F = R [cos (17.5-0 r *10) + cos (0 R *5 -10)] 

F ST = R [ * Sin (17 - 5 ' e R +10) + Sin (0R * 3 _1 °^ 

F A = R [cos (17.5-6 r ) ♦ cos (0 R *5)] 

F g = R [sin (17.5-6 r ) ♦ cos (0 R +5)] 

e G = tan' 1 F a /F $ 


As tested axial thrust 
.As tested side force 
Desired hinged axial force 
Desired hinged side force 
Equiva’C.it giinbal angle 


Solution: 

F at cos (17. S-0 R ) - cos (0 R +S) 

f a = P c T~ cos (17.5-0 r >10) + cos (0 R *5 -iu7 

F rt sin (17.5-0 R ) + cos (0 R *5) 

F S = P C "F" -sin (17 T. -0 R +10) ♦ sin (0 R + 5 -10) 


9 g = tan' 1 F a /F s 

Figure 53. Equation for Calculation of Linear Engine 
Equivalent Gimbal Angle 
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It was possible to do this conversion since the angle of the thrust chamber result- 
ant force is known as a function of pressure ratio from the previously tested (*7°. 
*7°) configuration. The equations required for the subject conversion are shown in 

Fig. 53. 

TABLE 6. TEST AND CALCULATED DATA FOR LINEAR ENGINE 
-5°) HINGED CONFIGURATION* 


Test 

No. 

Slice 

Time, 

seconds 

P /P 
c a 

F AT /P C 

F ST /P c 

F A /P c 

F S /P c 

9 R* 

degrees 

V 

degrees 

624-014 

15.5 

71.10 

774.47 

1.002 

76.02 

9.64 

13.09 

7.30 


35.5 

71-68 

77.41 

1.006 

75.97 

9.64 

12.78 

7.33 


57.8 

71.91 

77.50 

1.068 

76.06 

9.63 

12.46 

7.78 

624-016 

15.9 

71.09 

77.01 

0.953 

75.58 

9.18 

13.09 

6.98 

624-019 

15.1 

68.80 

76.9 

1.1174 

75.47 

11.32 

13.45 

8.62 


30.1 

69.20 

76.9 

1.0979 

75.43 

10.58 

13.15 

8.06 

| 


60.0 

69.70 

77-2 

1.054 

75.70 

10.16 

13.42 

7.71 1 


•Symbols defined in Fig. 53. 


In Table 6 , one can see that a maximum equivalent gimbal angle of 8.62 degrees 
was obtained at a pressure ratio of 68.8. The calculated resultant force angles 
are shown in the table~foi~eaeh pressure ratio tested. The corrected axial thrust 
data for the ( -5°) hinged configuration are plotted in Fig. 54. it can be 
seen that the data correlate well with the reference, not-hinged configuration, 
indicating no loss in axial thrust as a result of hinging (♦17J S # , -S°). 


Table 7 presents data samples of nine time slices from the three tests (624-014. 
-017, and -0r9) of this configuration which reached mainstage operation. These 
data’slices cover two thrust levels at which the engine operated and are compared 
to data from tests at other nozzle positions at both equivalent and varying thrust 
levels. Table 8 is a sample of the TVC program printout which provided the data 
for compilation of Table 7 . Included on the printout are corrections that were 
applied to the resultant thrust vector data to account for any propellant inlet 
duct forces. The values shown on the table are indicative of the typical correc- 
tion magnitudes observed for all other time slices. 
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TABLE 7 - LINEAR TEST BED NO. 2 THRUST VECTOR DATA 
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TABLE 7. (Concluded) 
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TABLE 


8. THRUST VECTOR CONTROL DATA 


TEST NUMBER 
624.01 4 


test date 

9 20 7 3 


TEST STAND 
DELTA 2B 


SLICE TIME 
S7.8 SECS 


ENGINE THRUST 

CHAMBER 


THRUST (LBS) 

MIXTURE RATIO (MRU) 

SPECIFIC IMPULSE (LB-SEC). ••• 
CHAMBER PRESSURE (PSIA) 


76870. 

4.093 

344.987 


76870. 

4.412 ( A 9 G ) 
3S6«937 
998 (AVG) 


ENGINE TOTAL THRUST COMPONENTS ARE: 

X (ROADSIDE) 
L (DELTA 1). 
- Y (VERTICAL) 


308 LBS 
1059 LBS 
76862.1 LBS 


PIERCE POINT DISPLACEMENT (IN X-E PLANE) IS 2-17954 INCHFS 

DISPLACEMENT COMPONENTS ARE: J*-. 982331 j^HES 

ANGLE FROM GIMBAL CENTER IS: 16*2166 DEGREES 


ENGINE TORQUES (IN INCH-LBS) ARE: 


PITCH. . .-1 49544 

YAW 75504 

ROLL. . . .-24 


THE THRUST VECTOR IS ANGLED 


.822071 DEGREES FROM THE VERTICAL 


CORRECTIONS: 


LOX DUCT 

FUEL DUCT*..* 


239.829 
l 1 4.748 
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The 


Figure SS presents a curve of engine system thrust versus charter pressure, 
curve established is over a thrust range of 43,000 pounds and a charter pressure 

range of 500 psi. 

The thrust vector pierce point displacements fro. the gi.bal center in the X-Z 
, .shown in Fig. 56. There is a noticeable trend exhibited rn that a defr- 

Lr.'»joritT of the nominal configuration data points are concentrated rn the 
C-x -Z) quadrant of the graphical display while the (.V. .7-1 configuration * 

( j „ Hdle the X-axis. The skewed configuration displacement values at t 

tend to straddle the X axis. _ 0<01 z . +2 . 2) coordinates at 

higher thrust level are clustered ahou > . . h 

the extreme left side. The lower thrust level displacements comtngle 

+7°) configuration data. 


J 
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■ 1RUSI chamber 


hardware durability 


SOZZLE DURABILITY were experienced 

0 . good. The only tube erosions d a high mixture 

Nozzle durability was of ^ operating error that ^ 2irconiun 

occurred on test 0^ Qn test 010 included erosio^ ^ ^ ^ 6 . 

ratio shutdown. the hot-gas side awa y, leaving 

oxide protective — 8 ^ * \ ls0 , tube-to-tube braze alloy mel^ ^ ^ 

No . 10 nozzle bank o t 18 inches of the noz. transi- 

— 1/8 inch ° f z:;::zz::z» » — 

hot Shutdown typica V iTlC h aft. Repair, were wit h the 

rri:- rr r;; 

" - zz *"' 1 " 05lM " glon 

bank damage are ^ ^ test program. 

throughout the remain program 

. . ^ittently throughout tne t 

^ ?:;z zr 

was the coolant tubes ! t o or under the support comers. 

- side end «*•«£ ^tment fires, occurred^ ^'corners between 

b “ k sid " :::. f c “ 5i " g 

r::": :=.- r:: rr ^ 

high material strath levels 

water-cooled end fence tubes. ^ progllo . A11 

*. — -r ' ::: : ?jrszzrzz 

----- - rr t::-- - 

. hat shutdown on test 010. ui pp ogram . Approximately P 

^Tectd al -as progressive throughout h -r P « ^ ^ „f the 

r oTth. original, protected are* specin ,d previous,, occurred 
test program. «o tube erostons. 

.here the coating came of . r ^ 



end fence durability 

■ , .j facility items and do not represent 

The z — *. » *«.i- 

1“ ^ t 'thLal buckling of the cube belies - fhen.nl ending of tubes 
coniine no-ile. Both discrepancies are 

accent to '“"'"^"“l Lference during operation of the water-cooled 

;::r:a mu -. 1 .. -.“rrr^irr^: “r. 

Operation of the engine was not c..pro.,sed by the between rep 

mal tube cracks. 

turbine exhaust manifold and hot-gas seal durability 

' r the initial turbine exhaust .anifold for eight mainrtage tests and 7S6 

1 of accumulated duration showed the redesign configuration (fro. test bed 
seconds of accumula .... At this point of the test pro- 

No. i, to have excellent durability capabi t ^ Fig „res 

n„: ~ -4 • ::.i 

the perforated base, shows the hardware to instrusenta- 

dis tion erratic. -^e fatigul cracis at the 

tion lines add t fFig 58 ) resulted from incorrect fab- 

— ::: f z «« i—.*— - - -- s 

rectangular inlet to provide a design stiffer and more resistant 
and concentrations* 

lMMUt sea ;. design of the formed waffle-type configuration developed 
A hot-gas C . r , tal cracking during testing at the corners of 

for test bad No. 1 showed p ^ the «« pI0 gra.. A section of 

Z ZZ12 t^hout the initial STB seconds of the engine test progra. (prior 

“ 7ZZZ Z “w CRES^ material fractures were too brittle to be the 

TetuU of low cycle fatigue, ZZZt’ Zt TZZZZZZZ 

zz z:z;z~zz:t — - — - 
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Figure 58, Posttest Condition of Turbine Exhaust Manifold Inlet, 
Test Bed No. 2 


subjecting the sample to boiling Mg Cl, solution and producing additional seal 
cracks in previously uncracked areas. It -as concluded that changing the sea, ma- 
terial from 321 CRES to an alloy less susceptible to stress cracking such as Inconel 
300 -ould be a solution for future hard-are fabricated. 

Testing the engine at reduced secondary gas flowrates by bypassing a greater por- 
tion of the turbine exhaust gas showed increased seal operating temperatures due 
to less coolant for the base region. Testing with only 20 percent of th. ,urb,n. 
exhaust gas flow through the base region caused minor erosion of -s,-- - - 

parent metal. Testing at the 50-percent gas flow level (which -ould be typical 
of full gas generator flow on a nondumped engine configuration) and more adequate > 
cooling the seal cavity should prevent seal erosion problems. 


COMBUSTOR DURABILITY 

ho external failures occurred on any of the segment, throughout the test program. 
Leak checks and visual inspection showed no discernible external egra a ion 
castings, welds, electroformed nickel, or brace joints. No electrcformed nickel 
failures as the result of hydrogen embrittlement occurred with t e pre.ious y 
described techniques of exposed surface protection. 

Combustor interior condition of the injector face plate injection elements and 
igniter elements remained good throughout the test program. Interior surface 
the NARloy-A segment -alls showed gradual deterioration with accumulated test . 

resulting in some severe erosions at the program completion. 

Since no design changes were made on the test bed No. 2 combustors pertinent to 
thermal operation or protection (compared to test bed No. 1). except for nickel 
plating the interior surfaces of two combustors, there -as no reason to expect any 
improvement in segment hot-gas -all resistance to erosion. Therefore, segmen >n, 
surface roughening and erosions progressed essentially identically to 
in Ref 2 for test bed No. 1. At chafer pressures up to about 1000 psi. the in- 
terior' surf aces typically roughened and progressed to minor erosions in line with 
some injector elements in the throat region over an operating period of sever, 
hundred seconds. Interim hand polishing to remove the rough sections ana smooth 
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Che minor erosions delayed progression of the surface deterioration. Even witn 

regular interior surface maintenance, -rosions still occurred. Purpose./ no 

.dishing the roughened areas on one segment showed that the condition continued 

*to worsen and that surface erosion progressed more rapidly. Operation for shor. 

time periods at the design point of 1200-psi P, caused major hot-gas wall erosion, 

, lant channels to the combustion cone. The locations, t>pes, 

that exposed some coolant u.anneis f , lit , ure '9 

, ^k e erosions were thoroughly coverea in Ref. - . & 

snow^th^composite progression of hot-gas wall surface deterioration with test time 

. this fi Eure surface roughening is defined as a sandpaper 

" IZZZ asurabl. parent metal removal. Surface erosion, are defined as 

being the grooves where metai was ^ 

nad onlv progressed to about 0. 060-inch width ana d-d not al.ow cha 
age Exposed channels are those through the hot-gas wall which allow dumping . 
coolant directly to the combustor, bypassing the injector. The effects of opera - 
ing at 1200 P c are seen to show rapid increases in erosion rates. 

. D „ f i i shows a correlation of estimated average calcu- 
Figure 60 f derivations in Rex* ) „ , • 

j ated wall temperature that a typical segment liner would experience tor t e ™ 
test levels. This parameter can be considered a convenient comparison o. test sever 
ity experienced during testing of the engine, and not an accurate representation o 
ac* ual wall temperature. It represents a linearization of the effect o 
operating parameters on predicted call temperature at an average chaster pressure^ 

The increase of -ail temperature shown at 3SS to 1025 seconds accurate dur« » 
was caused by teotificing the engine for increased mixture ratio operatton. 
caused higher combustion temperature, and higher H, client temperature from the 
tubular nettle exit, resulting in higher combustion hot-gas wall operating tempera... 

- a normaHzed average combustor heat load parameter (shown in Ref. 1 : 

A comparison of a normalized avera* levels are 

for comparison at varying operating conditions is given in ig. • ^ ^ 

hie to test bed No. 1* The parameter did not show the wna 1 

r::i: bed No. I. probably because of a more determined attempt to keep the combustor 

interior surfaces polished. 
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0 "Sandpaper" roughening 
0 Erosions 


Exposed channels 
( j Arerajze chanter pressure 



59. Test Bed No. 2 Chamber Conditions vs Accumulated Duration 


PVGE PE£K (SA3 apETvAa, 0 ^ j -PcOJOZZLC STAGNATION) 



Figure 60 Test Bee No. 2 Thrust Chamber Estimated Average Peak 
Wall Temperature vs Accumulated Duration 
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Eight of the 10 segments hod no specific surface preparation (nickel plating) prior 
to testing and should have shown repeatable erosion tendencies, a variation of fre- 
,„e„cy and severity of erosion did occur on the individual combustors, but a 1 eig 
ombustors incurred erosions. The variation among segments probaoly -curre d 
variations in hardware fabrication toier.nces and ranges of propel nt "'« «/ 
calculated mixture ratio variation among the eight segments was S.09 to 6.o4 
design 1200-psi P c . Erosion severity ranking of the individual segments showed 
relationship to the increasing calculated individual segment mixture ratio, 
trend is shown in Fig. «. but estimates of individual segment mixture ratio and 
erosion severity are less than accurate. Inner wall erosions were somewhat more 
predominant than the outer -all, but both hot-gas walls experienced severe cross 
on some segments. This indication was also seen on test bed No. 1. and is probabiy 
attributed to uneven H, coolant distribution. 

The two combustors with 0.002- to 0.003-inch electrodeposited nickel on the combus- 
tion tone hot-gas -ails showed less erosion than those without On, segment i 
not have NARloy erosions. Howeve-, this one had an hydraulic balance that place 
it at the low end (number 0 of 10) of segment individual operating mixture ratios. 

,t is likely that this segment would have experienced only minor eroston anyway. 
However, the other nickel-plated segment operated at the highest mixture ratio unit 
(number 1 of the 10 segments at 1200-psi % ). but sustained only on. 

Lughout the entire program. The condition of the nickel plating gradually deter, 
orated on both segments by cracking and pitting locally throughout the 1 ^ 
of accumulated operation. The end condition of the plating, other than he ero- 
sion area, was that a small portion had separated fro. the high heat load region of 
the combustion tone. In general, it is considered that the nickel plating showed 
the capability to provide erosion protection during operation, but that the repea 

, rinrvs of the covering to crack and subsequently leave the 
thermal cycling caused portions of the covering 

base material in the high heat load areas. 

The "machined liner" fabricated fro. wrought NARloy-A showed no sttuctura. Problems 
but had erosion tendencies at least as sever, as the cast liners. Erosion exper need 
was as sever, as any of the 10 segments, but the calculated operating mixture r 
was also among the highest (number 3 of 10 at 1200-psi P £ ) . Based on the on. sample. 
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* COMBUSTOR. POSITION ON ENGINE - 

R£F TABLE 1 SKETCH 



t 
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, that Uner erosion resistance is approximately the same as for 

it is considered that utilized as a backup concept 

, rhe fabricated concept could be utili-ea as a 

z~. - si8 " i£ic “ uy ab °" tb ° se 

for a cast liner. 

. . on D0ssi bie combustor throat gap change during the test program 

A „ interim check Oh po b f measured gap. However, 

showed the area to be within 0.5 percent consid e r ed to be 

local changes due to local data re d u ctlon input quant . ties were 

:rr:rr:.:::i:rthat throat area increased about , percent due to erosion 
occurring in the NARloy. 

A-n test beds No. 1 and 2 are caused by an 
The combustor liner erosions experienced on 

. . ... „u nt ctreaks" below the injector elements. The current 

injector design that h romoa tibility for operation to 1000-psi 

68-eleitent design gives marginai hardware , y le vel. An injector- 

P C “ — :T i r o :\, t IsPactX operation wili require a cogent test 

i“r :: — to “ nflnin8 sutfaces ’ 

and liner heat load capabilities would be reviewed. 
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appendix a 


breadboard thrust chamber test bed 
thrust vector control study 

Rocketdvne is current!/ developing . breadboard thrust chamber test bed which 
segmented clusters under the Saturn Engines 06FS Program, contract 
•JLzSlSO A part of this program was devoted to evaluation and se.ectton o a 

for usc “ tes 

programs . 

Determining an optimum segmented ct-bustor TVC system requires a tradeoff st^of 
WC concepts. The study objective, were to conduct a generated analyst o f TVC 
.. .. future vehicles and to determine optimum configurations 

::rIIZ -region on the No. 2 breadboard test bed. TW. report 
"Its the detailed analyses, design considerations, and study ream s used to 
define optimised TVC system, for a segmented conbustor engine appl.cat, . 

SUMMARY 

Nine TVC concepts were evaiuated. Prom these, two ^ ^ “ 

for the segmented combustor engine concept and were studied in ^ ^ 

concepts were the peripheral system and the checkerboard system. 

were Subjected to detailed analysis in the areas of: (1, performance » struc 

tural complexity (3) propellant feed and exhaust system design, and (4) engine- 
to- vehicle interface design. The Space Shuttle booster TVC requirements were use 
as a baseline in establishing overall design requirement. Hie penphera 
Lied superiority in performance and propellant feed and exhaust system e g. 
The chekerboard system appeared less complicated structurally ' “ ^ 

more contemporary design practices. No advantage was determined 
with the engine- to- vehicle interface design. 
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CONCLUSIONS 


The fo 
1 


1 lowing conclusions were made from this study 


The two most 
booster-type 
system. 


feasible thrust vector control concepts for a Space Shuttle 
application are the checkerboard system and the peripheral 


The optimum thrust vector control concept for a segmented combustor 
system appears to be the peripheral system because ot its higher per 

formance potential. 


The 

the 

the 


structural complexity of the peripheral system 
required peripheral system structural desi £ r is 

art . 


is greater; however, 
within the state of 


R-9049 
A- 2 



design requirements 


To eonduct . meaningful study related to ihrust rector control 

employs engines with segmented co^ustors _ s uith troaJ appli- 

: « - - - - 

St be specific enough that direct comparisons with existing type systems can 
"Le This direct comparison permits evaluation of the proposed new concepts, in 
Ught of existing technology, and provides meaningful decision-making in ormation 

relative to the candidate systems. 

The Space Shuttle booster vehicle was selected to provide specific requirements 

^ - j 'rule that the studv nust encompass more 

for the study, with the turther ground rule that the stu . 

. h suitable for use on advanced vehicles as well. 
t>ia nitch maneuver is requircu 

^gravity for the planned vehicle pitch program., and for short-term emergency 
B ' . , etc The effective 10-degree pitch gimbal angle is 

corrections for r cross s -1 , ^ ^ „ aneuvers .« required for planned vehicle 

required io the corr „ tion for cross winds, etc. Typi- 

::r:n:Lers are less severe than pitch maneuvers! therefore, the maxima 
effective yaw gimhal requirement was estab.ished .0 he .. degrees. 

resultant effective TVC requirements for the subject study are as follows, 


1. Effective Gimbal Angle 


a. Pitch 

±10 degrees 

b . V aw 

±8 degrees 

2. Gimbaling rate: 

10 degrees /second 

3. Gimbal acceleration rate: 3 to 10 rad/sec 

4. Thrust density: 

5500 lbf/ft 2 of boattail area 

5. Boattail site: 

30 x 40 feet (approximately) 
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The effective g.mbal angle if define.! a, the net angular change 
vector from all engines. The thrust density IS def.ned as tota 
fro. ail engines divided by cross-sectional hoattai. area normal 

axis . 


in res'u It ant thrust 
sea level thrust 
to the vehicle 
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CANDIDATE THRUST VECTOR CONTROL SYSTEMS 


i n f all potential candidate designs for 

1 " ClUjeJ tn thC r.v.t» evaluated, the re q uirema«s of the TVC 

thrust vector cohtr • ' „ust meet the redirects for 

system -ere as de.cr *- « den8lt) , and hoatt.il site, 

effective gimbal angle, gimbal 

f the svstems studied were suitable for most any engine/ 

It was found that some of the > . different missions and/or 

riii'diiirrs^r ~ ~ — 

for particular types of application. 


The systems studied are listed in Table A-l. 


1 a A— 1 


Th-„ef Vector Control Evaluation 


Types of TVC 


• Side-gas injection TVC 

• Gas deflector 

• Differential throttling 

• Conventional gimbal bearing 

• Conventional gimbal bearing 

• Double parallel hinge axis 

• Double hinge axis 

• Parallelogram 

• Independent sides 

• Single-hinge axis 

• Peripheral engines 


linear engine 
round engine 
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THRUST VECTOR CONTROL SYSTEM EVALUATION 

A tradeoff evaluation was conducted for each system, listing -.y^tem features, 
unique characteristics, advantages and disadvantages ot each, and potential ana 
cation for each. The variables considered were performance, performance loss as 
a function of gimbal angle, unique design features, engine design complexity, boat- 
tail design complexity, cost, weight, and appearance. 

Table A-2 presents a listing of the features, with advantages and disadvantages of 
each system. Three systems, the single-hinge axis, the double-hinge axis, and 
the peripheral were selected for further study because they exhibited the greatest 
potential for meeting the established requirements and because they lend themselves 
to broad application to future vehicles. The other systems were discarded for 
reasons such as low performance, inability to meet the basic requirements, struc- 
tural complexity of either engine or boattail. or operational problems. 

The three TVC systems which showed the greatest potential were further reduc.-d to 
two by deleting the double-hinge system. There were two reasons for this, reduction: 
(1) the performance features of the double-hinge system can be correi. rd to either 
the single-hinge or peripheral design, and (2) the double-hinge syster. contained 
problems in the base seal desi' which could not be clearly defined, or eliminated 
without extensive detailed design effort which was outside the sccpe of this 

study. 

Continuing the evaluation study on the selected TVC concepts requires additional 
engine- to- vehicle integration details. Again for convenience, the TYC concepts 
were tailored for a Space Shuttle booster application and 6.6 million pounds of 
booster sea level thrust. For clustered single-hinge .Engine and peripheral engine 
modules, the major consideration in engine arrangement was performance. Hie Space 
Shuttle requires continuous oitch variation to tra'.K the vehicle center of gravity. 
If not all engines are used to track the center ft gravity, the engine thrust 
vectors do not all aim the same direction and the effective thrust is reduced. 

Thus , for maximum performance, the number of engines used for GG tracking must e 
maximized. At the same time, the number of engines required for yaw and rol 


T 
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Engines 

_ „ Only Provides 1 To 3 Degr 

Net Available Thrust la y 

Significantly Reduced 

Conventional, Checkerboard, Or 
Perijdieral Engine Arrangement 




t 


3 


3 



Of Snal ler 





Table A-2. (Concluded) 





maneuvers must also bo reasonable value; otherwise, with raw or roll maneuver- 

the angular excursions for e„uivale„t turning moments becomes excess, e a 
Telus .os! in vehicle performance results, and the engine design reared to 
provide the high hinge angles is unduly complicated. 

With the single-hinge and peripheral engine concept, many engine/boattai 1 arrange- 
ments are possible and most of the practical arrangements were evaluated. A 
pling of some of the single-hinge engine/boattai 1 designs is shown in Fig. • 
Each concept has its own unique problems and advantages, which will not be di.- 
cull here as they are beyond the scope of this report. „»e,er. the previous 
mentioned design consideration, lew performance loss during TVC maneuvers, togethe 
“th standard vehicle design considerations such as mini.-™ complexity simplicity 
of design and ease of maintenance, led to the folding engine/boattai. arrange- 
ments as being best for the selected concepts. 


Peripheral Design: 


Checkerboard Design: 


The peripheral design was incorporated into a 30 by 
40-foot rectangular boattail with 14 engine modules 
10 in pitch and 4 in yaw, as shown in Fig. A -2. Each 
engine module is 8 feet wide. Figure A-3 presents an 
end and back view of a single module. 

The single-hinge design was incorporated into a 40- 
foot-diameter boattail with 12 engines arranged 
2-4-4-2, 8 in pitch and 4 in yaw, as shown in Fig.A-4. 
Each engine module is 10 ft 2 . Figure A-5 shows the 
component arrangement of a single-engine module. 

following areas. IIP en *ine- to- vehicle interface design requirements, 

and exhaust system design, and (4) engine to 

Each of these areas is discussed below as a separate item. 


PERFORMANCE 

Table A-S presents a comparison of checkerboard and peripheral engine system per- 
formance. The predicted performance of the peripheral concept is higher than t a 
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Figure A- 


Single Hinge Engine/ Boattail Checkerboard Arrangement 



Candidate Systems Performance Comparison 






» nrr:r,::;r,,.:; : r,r : 

is the greater base area of J ^ Performance sect.cn at the rnd of 

performance are presen n «,rformance a’-e considered. 

c studv TVC effects on engine performance 

this report. For this study, 

P'ovU.ng TVC with K IT -'pitch, not in both axes. 

hingeJ of\he engines can effect either a yaw or pitch thrust vector 

n “- ° nl! ' w :r He : . ,J.., hinge-angle capability .ust be provided for 

maneuver, -ith the r .„gi„e systems. Th. hinge-angle retpure- 

hinged-engine sys s hah ^ co „ cept . t*. checierhoard TVC 

meats shown 1« TaM ^ ^ ^ y „ mgiM> TVC angle repuired to 

angle recurrent, - „ „c angle. The peripheral concept hinge 

effect an 8-degree equivalent sy with altitude compensation 

. ^ +48 t0 -10 degrees* and combines TVu capabxlity with 

angle A ., sho w th , engine hinge angle verso, ef.ec I - 

(see Fig. a- 6). Ftgo ^ check „ boa rd and peripheral concepts in p.tch and 

net thrust vector ^ ^ the hinge angle penalty resulting from not 

yaw, respectively. or pitch maneuvers. A range is shown for the 

- -- r: 

“tirr ; “u & ^ — — - — ■ - 

TVC maneuver. 

, lose- is sustained when bank actua- 

For a given TVC maneuver, a performance (thnist) ^ the ylhicle 

tion occurs because the jet streams from t e in . Figures A-9 and 

in different directions from the engines 

A 10 present percent loss in thrust v,rsus e,utv U»t ct lf 

hoard and the peripheral concepts in p.tch and yam. respect 

_ aiti tude onsition was selected as the 

==»~^M;r-.25= 

r.r..rr:r.:r.“,...:. ......... ..... 

engine negative rotation would interact with th. yaw engr.es. 
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„ * in Thrust Versus Equivalent Pitch Vector Angle 

Figure A-9. P«c«ar ^ ^ periph3rll Engine Sys.e.e 


t 
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V 


4 0 


T |. i TAW VECTOR ANGLE ± FHOM NOMINAL - DECBEBS ■. . | 

Figure A-10 Percent Loss in Thrust Versus Equivalent Yaw Vector Angle for the 
Checkerboard and Peripheral Engine Systems 
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in van and nonexistent in pitch, thus requiring he PP ^ 

cnn rotate ourboard, to co. P ensate by ™ ° £“~ *_ J ers are gr eater 

curves show that perforce hn»t s. 

with the peripheral system except for sea P- 

a date nc system performance requires caluclatmg performance losses 
Comparing candidate 1 ^ >M g . mal „e to utilite the Space Shuttle 

over an entire flight pro > . ■ m, Space Shuttle proposed pitch 

flight profile ^2ZZ, for veil. CC tracking and headwind, tailwind, 
programs shown in Pi ■« ^ . aneuv(!r . which ls the major pitch 

or no wind conditions- ^ durin g . flight because of propellant 

maneuver contributor, be „„„ that gimbal angle excursions 

consumption. the pitch engines biased 2.7 degrees ini- 

could be Signifies • engine null fro. 0 to .2.7 degrees at 

— ^‘ir^ame 

hTatTa^ wMchC« trough t.ro (null pitch, approximately midway through 
the flight and finally ends up with an opposite pitch angle bias at burnout. 

„ . . flight profile (shown in Fig.A.12). • performance (thrust) ' 

I or b ih L Chec k erb.ard and peripheral system arrangements, 

r fUghtTroni! was divided into nineteen 10-second time segments and an aver- 
. . . , , ancle was estimated for each time segment. These data ar 

md UT*1.M • -wing the pitch angle, a percent 

- j a: cic A-fl corresponding to each time segment. The average 

be derived from Fig. A P thrust losses and dividing 

, »h»n calculated by summing the tnrust losses <«* 

rrr: - — — ^rrr 

, Of 0 04 and 0.06 percent was calculated for the checkerboard an 

(thrust) oss • . Table A-4 includes the percent thrust loss data 

and the ave/age total flight performance loss calculations for the peripheral and 

checkerboard systems. 
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Figure A-ll . Space 







Table A- 4 


Flight Profile for 


Checkerboard and Peripheral Systems 
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losses are greater with the peripheral concept, it is possi 
While TVC p« • o-an through altltudc compensation. As mentioned 

ble t0 " he ral svsten, incorporates large gimbal angle capability to com- 

earlier , the penp . Altit ude compensation for a segmented com- 

bine TVC and altitu e comp ^ regime s: aerodynamic and thrust vector, 

bustor engine can be divi el ,. xhaus t stream interaction with 

TTalr at iow altitudes and expands a, 

z ~:~- — - r “t r^rrrpri:: . 

77 k ZlIZ7Z : a ao“ith e alt“ude for optimum nortle perfor.ance. figure.bU - 

" — . - =r — -r.rr:.r 

sea level to vacuum for van ^ thnjst vector angle to vary with 

nort.e pressure ratio p« a ^ lnclinati0 „ ,„ 8 i, variation with altitude 

respect to the no • Mt thrust occurs when the net thrust vector 

- - — - — ^::;:r^rr;r;:::r 
::z:z\zzz — *■ »- the ' n “ ne (vehicie) 

axis . 

• ted that thrust vector altitude compensation could effect a sea 
It has been estimated between 2 J and 5 perce nt. The 2.7-percent 

le vel effeCtiVC th b US ^7oard design and is determined by taking the thrust 
value applies to d Sf and calculating the thrust vector 

vector altitude compensate ang . ^ ^ s . pe «en« value applies to 

loss (the inverse of the angular difference may be as great as IS to 20 

the peripheral design w changes in base area or pressure 

degrees. The performance gain estimate ass ^ obvi0 usly changes the 

WhiCh ’ ° £ T C ’ irr-Sr- pressure. At present, base pressure 
base area an . pro . loo not analytically determinable. Test data 

variations with n modeling or h ot fire, to determine thrust vector 

are required, ait su « „d to refine analytical perform- 

altitude compensation efrects on v 

ance prediction techniques. 
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Wall Pressure Profile *WAU 
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— i — 

(,0 


— i — 

eo 


too 


Vacuum 


Altitude 


r K Ft. 


...i. x Versus Altitude 
A-14. Thrust Vector Inclination Angl 



STRUCTURAL COMPLEXITY 


,. pc r imates of the structural complexity of differing 
Without detai ^ d deS ; gn t S o ^ a " e S ’ , lowever . some generalized comparisons of the two 
concepts are difficult o • ^ thc features and problems 

^ 

Checkerboard Design 

- .-r. ::: ^x 

frame (Fig. A-S) is a we . h hinge line and the result- 

struction. The thpist cheers are symmetrical ahou ™ 

ant thrust vector passes through the hinge line. ^ gf 

and result only from normal thrust misalignment. .1 trans . 

gimbal actuators with small actuator travel reared Th thrus 

r a. hearines of similar design to the J-2 or r 1 gino 

riicrr.oad'n, »» ^ the existin ‘ 

state of the art. 


Peripheral Design 

.. nrp challenging structural problems (Fifc* an< * 

The peripheral concept presents more challeng ng would 

A .„. The thrust frame is -elded frame cantilever construction. The 

-„ al ,v because onlv eight combustors are required for each 

be Hght-ei^t prxncip ^ wW i is , fee t. The nozzle length is approx- 

engine mo > u resu lts in large bending moments about the nozzle 

uie. . high-str.„ 8 th no.,. ™ - * — 
section modulus. 

. . renuired for the peripheral engine, and the large un- 

With the large inge required to effect hinging would be large with large 

:;r ™ — 1W -mat vector with relation to the no at, , -anges 

, d direction as ambient pressure changes. An example o nozz e 
Ttirr-on irLotion variation as a funotion of pressure rati. (Patent 
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pressure) is shown in Fig.A-lS. This changes the bending moments on the nozzle. 
Summation of moments about the hinge line indicates a maximum bending moment of 
approximately 600,1100 lb- ft. Tltese moments would be reacted by the actuator. 

PROPELLANT FEED AND EXHAUST SYSTEM 

Fro. a TVC effect, standpoint, the peripheral and checkerboard concept, show only 
.inor difference, in the propellant feed and exhaust syste., 

A gene ralited comparison of propellant feed and exhaust syste. feature, for the 
two candidate TVC concepts is presented in Table «. 

The power package for either peripheral or checkerboard syste. engine, consist, 
of turbopuops. gas generator, .ain propellant valves, pneumatic control system, and 
associated piping, which could be .oun.ed either rigidly above the hinge line or 
to the gi.baled .ass below the hinge line. A rigidly mounted power package for 
checkerboard engines would repaired flexible joints in the high-pressure oxtdtter 
and fuel ducts, and in the turbine exhaust duct. If mounted to the g.mbaled mass, 
flexible joints would be required in the oxiditer and fuel pump inlet ducts and in 
the pneumatic purge and pressurant lines which cross the engin./.ehicl. interface. 
Generally speaking, flexible joints are simpler to design and fabrtcate with the 
smaller duct sites, particularly when large hinge angles are required, when hing- 
ing is required in one direction only, the flexible joint design ts simplified and 
can be designed for larger hinge angles. 

TWO flexible joint designs presently being considered for checkerboard engine 
application are: (1) an external global ring with internal linkage (Fig.Add). and 

(2) an internal tripod-mounted ball and socket joint (Fig.HT). Both joint, are 
fun, lined with the liner remaining effective in the deflected position a, well 
as in the neutral position. The liner shields the bellow, fro. vibration-inducing 
flow forces and reduces the pressure drop. The external giabal ring with internal 
linkage flexible joint would be used in high-pressure fluid lines such as pump 
discharge lines. The internal tripod-mounted ball and socket flexiWie joint would 

be used in exhaust system lines. 
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Table A-6. Propellant Feed and Exhaust System 
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Distance From Tme C«nt«*line ^ / R 


120 


too - 


00 


00 


*9- PR 3 6*1 

Thrust Vectoa 

An«i( 50.2* 


#4- PR* ^ 
Thrust Vector 
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Figure A-15. 


Nozzle Thrust Vector Location and Direction Variation 
Versus Pressure Ratio (^/^ambient 
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r 

V 


Both flexible o, articulating joint designs consist of a flexible .etal bellows 
,o absorb deflections and retain fluid pressures at acceptable stress levels, an 
a restraint linkage to resist pressure-separating forces and to position the pivot 
center on the bellows center. The flexible joint designs described involve known 
and well-understood technology, and are within the state of the art. 

The peripheral system engine power package could be mounted either rigidly to the 
vehicle side of the hinge line or to the nottle and hinged with the nottle assem- 
bly If rigidly mounted, swivel joints would be required on the fuel and oxiditer 
high-pressure ducts. If mounted to the nottle, swivel joints would be required on 
the propellant inlet ducts. The propellant ducting presently envisioned for the 
peripheral engine uses a swivel design for the pump inlets (Fig.M ). »hile this 
swivel design is more complex than that required for the checkerboard engines, the 
overall peripheral engine propellant ducting system is simplified because of site 
and single-nottle feeding. Detailed designs of both concept, would be required to 
decide which is optimum and which is beyond the scope of this study. Swivel joints 
are feasible and have been demonstrated on other programs. 

•me base manifold for the checkerboard system would be a closed manifold of semi- 
monicoque construction similar to that used on the No. 1 breadboard test bed. 
me exhaust duct feeding the manifold would require flexible joints, as describe 
earlier If the turbopump were mounted to the hinged nozzle assembly, the flexible 
joint would be required only for thermal expansion. If the turbopumps were mounted 
rigidly above the hinge line, the exhaust duct would require flexible joints to 
permit hinge rotation, and would be of similar design to that of Fig.A-17. 

On tne checkerboard engine, the requirement for a fixed-base manifold would pre- 
clude varying the nozzle angles independently to provide thrust vector corrections 
for atmospheric pressure. This constraint detracts from the attractivenes of the 
checkerboard system. Further design effort is required to resolve this question. 

A flexible base manifold would eliminate these constraints and appears to be 
appropriate for further study. 


C 
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Op the peripheral s/stem 
by the exhaust from all 


the base would be a single, large plenum chamber fed 
engines. The engine exhaust would feed directly into the 


base for rigidly mounted turbopumps or turbopumps mounted on the hinged nozzle 


Flexible joints would not be required in the exhaust duct in either case 


A flexible sepl will be required between the hinged nozzle and the base plenum to 
preclude exhaust gas from escaping into the engine compartment. Diaphragm- type 
seals appear most feasible for this application. 


ENGINE- TO-VEHICLE INTERFACE DESIGN 

The basic engine- to-vehicle interface design requirements, with respect to TVC are 
to constrain and shield the vehicle and adjacent engines from combustion gases, 
and prevent primary combustion gas from leaking into the base region. The above 
is accomplished using vehicle and engine-mounted fences, flexible curtains, and 
sliding shields. Table A-7 presents comparative data on the engine-to-vehicle 
interface design. 

Combustion gas impingement is not a problem with the peripheral concept; however, 
the larger hingeangles tend to make sealing the base from primary combustion gases 
a significant problem. Proposed fence locations for the peripheral concept are 
shown in Fig. A-2. The four vehicle-mounted fences on the peripheral system pro- 
tect adjacent engines during roll maneuvers when only a portion of the pitch bank 
is rotated. 




Combustion gas impingement is 
arrangement. The impingement 


a problem with the checkerboard system engine 
problem is pictorially illustrated in Fig.AriS for a 


16-degree engine pitch maneuver. For the example shown, hot combustion gases 
from one row of pitch engines impinge on the adjacent row of pitch engines and. 


also, the adjacent yaw engines. Combustion gas temperatures are lower for pitch 


-m-pitch engine impingement, approximately 1600 F, because of the lesser pitch 
engine projection into the gas stream. Similarly, yaw maneuvers result in gas 
impingement from one engine to another. To. protect the checkerboard engine. 60 
feet of uncooled, S-foot long vehicle fences are used between the pitch and yaw 
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. ^ A j . ? -,u:-i«. fences are prac- 

-.i- h~« — -T^ rr^r:;^ *.... *. 

ln thiS to lithsiand direct impingement. Fi^re A-l. P—“ 

arrangement ( S H~n eariier in «. report, witH .He var.ons 

combustion gas fences identified. 


r 

! 

i 

* 
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future study and test effort 


d test effort should be expended toward developing a double 
Additional study “ ^ ^^ard TVC system. Sued a system produce 

dingo engine *>«*■ compensation and its effects on base 

viable data on thrust vec ^ . and base heat transfer effects 

p ~:r. r: h i case — - — » ^ 

other. 

. ich reauire resolution and/or analysis are engine-out 

the peripheral system,. base designs for 
r;::r.;- anddLie-hinge systems, and heat ^sfer test data reiatiee to 
fences for engine impingement protection relative to 
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engine system performance 


engine performance model 


Engine specific impulse 


was calculated according to the following equation: 


vac 


n c fr Cn G * n D + * n baf ' 3 ‘ 0) * C fbo 


1 ♦ w 


r u 


c *r c * 


C c* 
L fiD C 


CA-1) 


where 


'fr 


"K 

^af 

C fBO 


regenerative thrust coefficient recovery efficiency 

primary nozzle geometric efficiency 

primary nozzle drag efficiency 

primary nozzle kinetic efficiency 

primary nozzle baffle efficiency 

base thrust coefficient = P R Ag 


P c F fiD A t 


V, 


C fid 




S 

I. 


secondary flowrate 
primary flowrate 

regenerative characteristic velocity recovery efficienty 
characteristic velocity efficiency 

ideal characteristic velocity for shifting equilibrium (ft/sec) 
ideal nortle thrust coefficient for shifting equilibrium 
32.174 (ft/sec 2 ) 

engine vacuum specific impulse Cseconds) 


vac 


) 
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The base thrust coefficient 


(C ) was estimated to be given by: 
f Bo 


Bo 





C £: . 


3 (k 3 - V 0 - 


'fs 


^A-2 


where 


il constants t.iat depend or. the nature of the flow. 


Kj , K 2 , K 3 , K 4 = empirical 
c so 2 ic sonic nozzle thrust coefficient of the secondary gas stream 
c* = primary gas characteristic velocity 


Values 


of the four empirical constants are given below: 



Plane Flow 

Axisymmetric Flow 

Type of Flow 

Two-dimensional 

K i 

0.69 

0.79 (25 percent 

0.58 

0.79 

2 

nozzle) 



2.60 

0.72 

3 

*4 

0.836 

1.00 


It it to be toted that Eq. A-l ard A-2 do not contain any provision for the effects 
of nottle end fences. The addition of end fences to the oo.zie will cause the 
nettle thrust coefficient to be reduced. Unfortunately, the effect of ns.nf fen.es 
on linear norites hat been defined only qualitative:,. In vie- of this tact, the 
effect of fences will be disregarded for the purposes ot this report. However, 
the reader should keep in .ind that the specific inpuls, values quoted in the re- 
■winder of this report will be on the order of 0.5 to 1.0 percent higher than could 
be achieved due to the additional drag of end and base fences. 
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CURRENT TVC STUDY GROUND RULES 


thA hasic Br0 und rule for the TVC study linear engine is that 
•r tYi* nresent time, the basic gruuuv 

u will be evaluated £or an app.ication si.ilat to that planned for 

Shuttle main engines. The rational, for selecting this ,ppl.c.t.« . ** -re 

vehicles are likely to be so.ewha, siiailar and that, in an, event. 

quirements are about as severe as could be envisioned. 

Two linear en g in. concept, appear to have sufficient ~rit to 

stud,. The original and most studied concept consists of using line 

— *» • — rr-r -zzz - 

rpi:;:; 1 :;;. b.,.. «n g in. would th.» b. co^f --- 

not tie slabs, each fed b, a separate pu*, set. These concepts are known a, 
checkerboard and the peripheral en g ines, respectively. 

Detailed ground rules for the checkerboard engine have been fo-ulated. These 
are sunmarized as follows: 


1. Engine mixture ratio * 6.0 

2. Optimim chamber pressure 

3. Optimum specific impulse nozzle 

4. Vertical thrust vector 


5. SSME envelope 

6. Maxima fuel pump outlet pressure - 5400 psia 

7. p * * 99 percent minimum 


Detailed .round rules for the peripheral engine have not been defined, but th , 
are certain to include the SSME envelope requireuent and the sa« turbuvach.rer 

Used for the checkerboard, an addition.! .round rule for paper stud, purposes 
that the booster and arbiter versions of both ch.ck.rbo.rd and peripheral en- 
ines should use the same conbustor. 
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CHAMBER PRESSURE OPTIMIZATION 


The optimum chafer pressure fox ah a«rospik.-typ. noxxl. results fro. a tradeoff 
between available base area and the amount of secondary flow required to operate 
the tutbopomps at a given chafer pressure level. To be able to estimate t « 
secondary flowrate required, it is necessary to have s«.e estimate o 
side pressure drop varies with charter pressure. Fuel P-P outlet pressure was 
estimated to vary as shown in Fig. MO.' However, as wtll be seen (Table *-«>. » 
pump outlet pressure does not have a significant effect on specific impulse for 
the systems analyzed in this study. It is likely that a detailed analysis of spe- 
cific hardware configurations would yield results considerably different than those 
given in Fig.A-20. Nozzle base areas for the various Hod III »" 

fixed by the ground rule that they must he compatible with the SSME envelope, 
convenience aid economy of arriving at the optimum aerodynamic contour, it was 
decided to set the engine envelope at the SSNE dimension minus 4 inches on each 
side, and then use this dimension as the distance between the throat centerlines 
For purposes of this study, expansion area ratio was then taken to be equa to e 
area enclosed by the throat centerlines divided by the throat area. This introduces 
a slight error due to not using the distance between cowl points to calculate t e 
nozzle exit areas. The no.zl. exit areas for the various engines ordered are 

listed below: 


Configuration 

Dimens ions , 
inches 

Exit Areas, 
( in. 2 ) 

SSME Booster 

120 x 120 

14,400 

SSME Orbiter 

220 x 220 

48,400 

Checkerboard Booster Engine 

112 x 120 

13,440 

Peripheral Booster Engine 

352 x 472 

166, 144 

SSME Overall 

360 x 480 

172,800 

Checkerboard Orbiter 

212 x 220 

46,640 

Peripheral Orbiter 

432 x 220 

95,040 
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secondary flowrate reared to operate a Mark 29F two-stage- type turbopfp 
5 ML as a function of foe, p^P outlet pressure in Fig.A2, for the case .her 
the secondary supply gas is at a temperature of 1200 F and a 
Figure A-21 was used throughout this study. Total vehicle propellant flow was 
mated to be 16,733.6 Ib/sec for the booster and 270S.6 Ib/s.c for the orbiter, 

based on SSME requirements. 

,f the total engine flowrate, the turbopump secondary flowrate retirements and 
the envelope site are set, then Eq. A-l indicate, that the engine specific .puls, 
is a single-value function of the chamber pressure. To calculate thus u 
for the various Mod III possibilities, Eq. A-l and A-2 -ere used along with 

the conditions listed in Table A-9. 

Table A-9. Mod III Engine Operating Conditions and Requirements 


Paramenter 

Peripheral 

Booster 

Peripheral 

Orbiter 

Checkerboard 

Booster 

Checkerboard 

Orbiter 


. 2 

Exit Area, in. 

Engine MR 

Total Flowrate, 
lb/sec 

Estimated Altitude Thrust, 
pounds 

Estimated Fuel Inection 
Turbopump, R 

V 

%af 

^kinetics 

MR, Secondary Gas (GG 
out) 

Temperature, Secondary 
Gas R 

Combustor ID, inches 
N seg 

166.144.0 

6.00 

16,773.6 

7,260,000 

400 

0.9900 

0.9985 

0.9995 

0.94 

1660.0 

11.25 

112.0 

95.040.0 

6.00 
2795.6 

1,210,000 

400 

0.9900 

0.9985 

0.9995 

0.94 

1660.0 

11.25 
| 32.0 

13.440.0 

6.00 
1397.8 

605,000 

500 

0.9900 

0.9985 

0.9995 

0.94 

1660.0 

11.25 

20.0 

46.640.0 

6.00 
1397.8 

605,000 

500 

0.9900 

0.9985 

0.9995 

0.94 

1660.0 

11.25 

32.0 
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The results of this calculation are gieen in [ i s- ‘ 22 ' E;, ' Cl! on these r.sults, 

1800 psi. is recommended as the optimum chamher pressure for the checkerboard 
booster engine, .bile 2000 psia is recommended for the periphe al booster engine. 

SEA LEVEL-ALTITUDE PERFORMANCE SCALING 

Prediction of sea level specific impulse is somewhat more complicated than is the 
prediction of altitude specific impulse. This is due to the formation of shocks 
on the nozzle surface when it is operated in the overexpanded condition and ac- 
counts for the altitude compensating properties of aerospike nozzles. In general, 
a method of characteristics- type analysis is required to accurately predict t e 
sea level pressure profile and thrust of an overexpanded aerospike nozzle. How- 
ever. the scheme presented in Fig.A-23 yields a fair approximation to wind tunnel 
data and calculations of previous nozzle shapes. Figure A-23was constructed from 
a plot of I s /I s bs various expansion ratio nozzles obtained, 

vac 

COMPARISON WITH BELL NOZZLES 

It is of interest to compere the perfor«.nce of . lineer engine with that for an 
engine of the same thrust, but using a bell notzle. Tbe appropriate equatton for 
the engine specific impulse of an engine with a bell nozzle is: 


-fr 


(^G * n D * n K ~ 2 °^ * ^ 


C fs c * 


vac 


1 ♦ 


’c*. 


'fid c* 


(A- 3) 


where: 


C = thrust coefficient of the secondary flow 
S =. secondary gas characteristic velocity 
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Figure A-22. TVC Study Breadboard Engine Chamber Pressure 
8 * Optimization Booster Configurations 
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Figure A-23. L0 2 -GH 2 Linear Engine 





Equation A-3 is similar to Eq . A- 1 and aPows for a term by term comparison of 
the two nozzles. 

However, before such a comparison can be made, it is necessary to define the bell 
engine somewhat more completely. Us^ng the results of previous bell nozzle studies, 
the factors in Table A-lOwere estimated for an 80-percent length bell nozzle with 
an altitude thrust of 618,000 pounds and a P c of 1800 psia. 

Table A-10. Bell Nozzle Performance Factors 

Percent legnth = 80, £ = 79.3:1; P^ = 1800 psia. x - 618K 

6 , . = 0.0082 
div 

6 , = 0.0270 

drag 

6. . = 0.0005 

kin 

Note: (n G ♦ n D ♦ n K - 2.0) * (1 - 6 div - 6 div - <$ dra? - « kin ) 

If it j e assumed that the primary-secondary flow splits ara equal and that the 
fuel injection temperatures are proportional to the respective drag losses, then 
the bell engine yields a specific impulse of 441.2 seconds, nearly identical to 
the value of 441.99 calculated for the "similar checkerboard booster. It is con- 
cluded, therefore, tnat there is very little difference between the nozzles if 
they are operating at identical conditions. 

PERFORMANCE LOSS BREAKDOWNS 

Table A-8 lists the various performance losses and gains for the nozzle systems 
considered in this report. From Table A-8, several interesting items emerge. 

The most significant point is that the base flow gain for the peripheral booster 
appears to be the primary source of its additional performance when compared to 
the checkerboard booster. This is due to the fact that the base flow was treated 
as being axisymmetric rather than as plane flow. Wind tunnel testing would be 
required to verify the adequacy of this assumption. A second item of interest 
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is the much higher site specific impulses obtained with aerospike nozzles when j 

compared to the bell nozzle. 

VEHICLE PERFORMANCE 

Figure A-24 depicts the variation of specific impulse with altitude for a typical 
space shuttle booster flight. The net vehicle performance is represented by the 
areas under the respective curves. Despite lower than specified site performance, 
it is seen that the performance of the peripheral and checkerboard booster engines 
can be compatible with such an application by virtue of their higher performance 

at altitude. 

ADDITIONAL EFFECTS 

There are several factors that can have a significant effect on engine specific 
impulse but are not amenable to a simplified analysis. The most significant 
effect on sea level specific impulse results from rotating the entire engine con- 
tour about some point on the contour. Sea level contour thrust increases as the ^ 

contour is rotated because the resultant sea level contour thrust vector is not 
parallel to the engine centerline if the contours are set m the optimum position 
for altitude operation. Unfortunately, the scheme represented by Eq. A-2 is no 
longer valid for this case because it is based empirically on cutoff ideal nozzle 
contours operating at altitude. Physical intuition would lead to the conclusion 
that there would have to be some decrease in base pressure if the contours are 
rotated outward but, at sea level, this decrease should be small. Therefore, it 
appears that this scheme would be promising and a more definitive answer to this 
question has been requested. 

A consideration that is peculiar to the peripheral engine concept, with its door- 
like hinged sections for thrust vector control, is what happens to the base pressure 
when one or more of the sections is hinged outward. In this case, there is an 
increase in the effective base area, and physical reasoning would lead to the 
conclusion chat there is a reduction in the base pressure at altitude (closed wake). 

Again, this question has been submitted for a more definitive answer. 
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Figure A-24. Specific Iapulse During Booster Flight Altitude Effects Only 




